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INTRODUCTION

Hydrocarbon combustion is the conversion of fuel and oxidant into water and
carbon dioxide that produces heat. This simple definition masks the complex chemical
reaction mechanism that underlies the macroscopic process. An extremely successful way
to characterize this chemical mechanism is to apply species specific diagnostic methods
directly to the combustion system of interest. In the past, most optical diagnostic methods
have focused on the diatomic molecules, with OH being the most studied; however, much
of the important chemistry involves transient species other than OH, some of which contain
more than two atoms. In this work, we developed and improved diagnostic techniques to
study several mechanistically imporcant diatomic and polyatomic reactive species in
hydrocarbon flames. The species selected during the early phases of this project (Contract
No. F33605-85-C-2543) were chosen for their importance in the combustion chemistry
and the feasibility of detecting them in the combustion environment. We investigated the
species CH, CH3, CHp, and C2H> and attempted to detect HO».

DETAILED COMBUSTION CHEMISTRY

Detailed chemical kinetic processes play an important role in many aspects of the
hydrocarbon/air combustion in gas turbine engines. Among these processes are the
formation of pollutants such as soot (with its associated radiative heat transfer problems)
and NOy, ignition (both cold starts and high-altitude relight), lean burnout, and the
formation of exhavst plume emissions in the ultraviolet and visible light regions.

Although such processes are complex, involving dozens of molecular species and
perhaps hundreds of reactions, they can be investigated by means of computer models if
one has some insight into the relevant, important species and reactions (i.e., the crucial
chemical pathways) that govern the processes in question. Such computer models have
been constructed, but their accuracy is largely gauged by how well their results match
experimental data on such bulk properties as flame speed, combustion efficiency,
temperature, and formation of major stable products.

The key to a correct description of the chemical pathways for kinetically controlled
processes lies in an in situ, direct identification of the transient intermediate species that are
formed and consumed as a result of those reactions. Development of quantitative and




semiquantitative methods for the measurement and detection of such species is of primary
importance. These methods can then be used for several purposes: determination of the
needed reaction rate constants in controlled laboratory experiments; measurements on
stable, laminar laboratory flames that provide a direct comparison with the computer model;
and detection of important species in real-system flames. Detection of species in real-
system flames will yield insight into the actual chemical mechanism operating in these
systems and provide a crucial link to the laboratory experiments.

SELECTION OF DIAGNOSTIC METHODS

Many diagnostic techniques have been applied to the detection of transient species
in the combustion environment. These include mass spectroscopic sampling, laser-induced
fluorescence (LIF), scattering methods (Raman processes), direct absorption, and
ionization methods.! The criteria we choose to apply are that the diagnostic techniques be
strictly nonintrusive (i.e., no probe inserted into the flame) and sensitive enough to detect
transient species in low concentrations. In the early stages of the project, we decided to
emphasize LIF, mainly because of its inherent high sensitivity, and direct absorption
techniques including photoacoustic (PAD) and photodeflection detection, because of their
applicability to a wide range of transient species. These two methods are complementary in
that LIF is not applicable to all species but is sensitive and selective, while absorption is
less sensitive but applicable to many of the species that cannot be studied by LIF.

SELECTION OF SPECIES

Several criteria must be considered in choosing what hydrocarbon species to
=xamine in detail: the species' ease of detection, concentration in the flame, and chemical
significance. The selection process often involves trade-offs. ‘I'he hydroxy! radicat 1s one
of the few that meets all the criteria. The choice of species was an important part of our
research. The species selected as both chemically important and feasible for detection
include CH, CHj3, CoHj, CHj, and HO,. C3, CoH, and HCO are less important or more
difficult to detect. Almost all of these radical intermediates offer some potential for a laser-
based method of detection; our successes and failures with these species and the specific
reasons for selection of these species are discussed in the section entitled The Species.




THE TECHNIQUES

Several of the techniques briefly outlined below were considered for applicaton to
radical detection, and two were chosen for further study. This section describes why LIF
and absorption were selected as complementary techniques for measuring the concentration
of a wide variety of chemically important radicals.

LASER-INDUCED FLUORESCENCE (LIF)

LIF is an extremely sensitive method that can be applied to a wide variety of
transient species in the flame.2 Briefly, laser light excites the species to an electronic state
that fluoresces. The basic procedure has many variations; where applicable, these are
discussed below with the experiments on individual radicals.

Diatomic radicals such as OH, CH, CN, and NH with easily accessible electronic
states can be observed in extremely low concentrations (i.e., <1 ppb for OH in a flame). In
addition to the diatomic radicals, several chemically important polyatomic radicals had been
observed before this project; for example, our laboratory had examined both NCO and
NH; by LIF.3 LIF is much more sensitive than other techniques and twice as molecule
selective as most. Selectivity is obtained by varying both the excitation wavelength and the
detection wavelength.3 LIF is often the benchmark used for comparing other techniques,
and LIF must be considered as one of the detection options in any detailed investigation of
flame species.

For OH and most other diatomic radicals, the dual selectivity of LIF is merely
convenient and increases the absolute detection sensitivity; however, for many polyatomic
species it is an important advantage of the technique because in many instances there are
strong overlapping transitions with other species or other vibrational "hot” bands of the
same molecule in the excitation region of interest. For example, in our laboratory
demonstration of NCO detection using the B electronic state in a CH4/N>O atmospheric
pressure flame,? overlapping transitions from OH, NH, and CN all occurred in the same
excitation wavelength region when we tried to observe the NCO. The only way we could
selectively detect the molecules was by using the selectivity of the fluorescence wavelength
to isolate one absorption from another; we were thus able to obtain interference-free
excitation scans of OH, NH, CN, aand NCO.




Other advantages of LIF are that its pointwise measurement provides better spatial
~¢solution than most absorption methods and that it has the sensitivity necessary for single-
shot measurements in turbulent systems. Single-shot LIF imaging is an important
technique first developed in this laboratory.> All these properties make LIF a very good
candidate for examining a number of species with optically accessible electronic states that
fluoresce (for example, CH).

Although LIF is an extremely valuable tool, like all other analytical techniques it
presents several experimental problems when one is trying to make the measurements
quantitative. Making accurate quantitative measurements requires information on the
quenching and lifetimes of the excited electronic state in the flame environment; that is, the
composition of the majority species must be well known and the quenching rates must be
known or estimated at the temperature of interest. Such quenching rates and radiative
lifetimes can be measured by experimental methods available in our laboratory. Recently,
we have conducted extensive experiments to determine these properties for many flame
radicals, such as OH,” NH,8 and CH30.%

DIRECT ABSORPTION METHODS

Laser absorption detection techniques comprise several very different methods.
The differences arise from the different ways the absorption is detected. In conventional
absorption experiments, the decrease in the intensity of the light is monitored as the light
passes through the absorbing flame. The major disadvantages of this technique are that the
signal is usually small on a large background and thus sensitivity is limited, and thatitis a
line-of-sight measurement, so the spatial resolution is limited. The major advantage is that
if the spectroscopic positions and oscillator strengths of the molecular transitions are
known, absolute quantitative calibration is usually straightforward. Although conventional
laser absorption is not sensitive enough for most molecules in this study, under some
advantageous conditions it can be applied to transient species.

Two other absorption detection methods, photoacoustic (PAD)10 and photo-
deflection!! spectroscopy, have recently been applied as combustion diagnostic techniques.
Two spatially separated beams, the excitation beam and the probe beam, are used in
photodeflection spectroscopy. When the excitation beam is resonant with an absorption in
the system, a pressure wave is produced that deflects the probe beam. This deflection is in
turn measured. In PAD spectroscopy only one laser is used, and when it is resonant with
an absorption in the system, energy is put into the flame. The added energy produces a
pressure burst that is detected on a microphone outside the flame.




Neither of these techniques has yet demonstrated a sensitivity equal to that of LIF,
but they have been and will continue to be extremely useful for studying molecules that
have a low fluorescence yield. The lack of spatial selectivity and molecule emission
selectivity are two disadvantages of these absorption techniques. Inregions ot highly
overlapping absorption bands from several species or from "hot" bands of the same
molecule, it may be difficult to obtain the molecule selectivity needed to obtain a profile of
the species of interest. A narrow laser bandwidth and extremely detailed spectroscopic
information on all the molecules that absorb in the region of interest are necessary to
associate different features with different molecules. These difficulties are more limiting in
the detection of triatomic or larger molecules.

OTHER METHODS

Several other experimental methods were considered during the early phases of this
project. These include resonance-enhanced multiphoton ionization (REMPI); Raman
processes, including coherent anti-Stokes Raman spectroscopy (CARS) and resonant
Raman techniques; and mass spectometric sampling (MS). Neither MS nor REMPI were
applied because they require the insertion of a sampling probe into or near the combustion
environmcat. If the probe perturbs the flame there is always a possibility that the
concentration measurements are biased, and the environment is often so hostile that the
probe could not withstand the extreme temperatures and conditions.

Raman techniques are not usually sensitive enough to detect trace species. They
have been applied extensively and with great success to the major species; however, many
of the chemically important trace species occur at much lower concentrations.




THE SPECIES

SEL.ECTION OF THE SPECIES

Selection of the species to be studied was based on two critera: (1) the species'’
importance in the chemistry of hydrocarbon combustion and (2) the feasibility of detecting
that species by the remote diagnostics described above. We determined the importance of
various species by modelling the chemical mechanism of hydrocarbon combustion with a
constant temperature kinetic model that included the important species. We determined the
feasibility of detection by examining the available liter ature on spectroscopy of the
molecules of interest.

We used an isothermal model of hydrocarbon/air combustion to evaluate the
important intermediates and to determine which detection methods could be used in the
combustion environment. The model, which consists of about 150 reactions and 30
species, incorporates a temperature jump to start the reaction. The time evolution of all the
species can be monitored as the reaction proceeds. This time corresponds roughly to
distance above the burner in a low-pressure flame. This model, while not quantitively
correct, simulates the qualitative features of the reaction system. Figure 1 shows the time
dependence of several potentially important species in the combustion. Figure 1(a) gives
the predicted time evolution of the single-carbon species CHs, CH3, CHj, CH, C, and CO
at 2200 K and 40 Torr as well as stoichiometric initial conditions for the methane and
oxygen mixture. This figure clearly shows that the CHy radicals have very different
profiles before they encounter the flame front and that the CH profile is significantly
different from those of CH; and CH3. Unfortunately, this difference implies that the
CHconcentration cannot be used as a marker for CH and CHj3; therefore, measurement of
CHj3 and CH3 concentrations takes on added significance. The methyl radical (CH3) is one
of the first species formed and is present in relatively high concentrations. Figure 1(b)
shows several other species (HO,, CoHa, HCO, C2H, and C3) under the same initial
conditions. The HO; radical exhibits one of the more interesting profiles; it builds up
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rapidly after the temperature jump and remains constant for a long time. Acetylene (C2Hp)
starts out at low concentrations, builds up slowly, and eventually reaches a relatively large
concentration before it is abruptly consumed in the later stages of combustion.

From the model shown in Figure 1 and other models for other fuels and other
temperatures, we selected the following five species for further study: CH, CaHz, CH3,
HO», and CH,. We have attempted experiments on all five of these species and have
successfully observed four in combustion systems. The reasons for selection of these
species are detailed below in the sections describing the experiments performed on them.
We considered detection of the species HCO, C2H, and Cj less feasible, less desirable, or
both. As Figure 1(b) shows, the C3 radical is present in extremely low concentrations and
does not seem very important in the chemistry. On the other hand, the HCO radical is
important in the production of ions in the flame, but the difficulty of using fluorescence
methods to measure its concentration made its detection less feasible. The same problem
exists for the CoH radical. The literature contains insufficient spectroscopic data for
evaluating whether detection of either HCO or C;H is indeed possible. We believe
detection of the two important radicals HCO and CyH by LIF or absorption methods is
several years in the future and will require futher basic studies. Investigations of some of
these species by REMPI detection in flames are under way in other laboratories.12.13

CH

Studies on the CH radical formed a large part of the experimental work on this
project, and all work on this radical is complete and published. This project has increased
our knowledge of the collison dynamics of this species under combustion conditions to the
extent that we can now make reasonable estimates for the fluorescence quantum yield under
a variety of experimental conditions.

Although present in small concentrations, the CH radical can be observed in all
hydrocarbon combustion. Its precise role in the combustion chemistry remains uncertain,
largely because we do not yet know its reaction rate constants at high temperatures.
Although the importance of the CH radical in the chemistry of combustion has not been
verified, CH emission and LIF are often used to identify regions where combustion is
occurring. CH concentration profiles are measured by absorption, saturated LIF, and
REMPI techniques. Two-dimensional LIF imaging of CH has also been performed and
undoubtedly will be applied to practical combustion systems in the future. The CH radical
is a significant precursor in the emission from flames and therefore plays an important role
in the plume emissions from rockets with carbon-containing fuels.




Room-Temperature Flow Cell Experiments

The CH experiments began with a brief study of CH collision dynamics in a room-
temperature flow cell. We attempted to measure the collisional quenching rate constant for
removal of the radical from the excited electronic state.

In a standard LIF experiment, a molecule is excited from the ground electronic state
to the vibrational and rotational level of a higher lying electronic state. This excited
molecule can either (1) radiate light, (2) undergo a collision and be removed without
radiation in a process called quenching, or (3) undergo an energy transfer collision within
the excited electronic state to another vibrational or rotational level. The competition
between radiation and the collisional quenching processes determines the fluorescence
quantum yield. If small effects due to the vibrational and rotational structure are neglected,
the time dependence of the population in the excited electronic state N(t) is given by

N(t) = No exp{-[Zkq nj + A]t} (1)

where N, is the population in the excited electronic state after the laser pulse, k(i) is the
collisional quenching rate constant for species i, nj is the concentration of species i, A is the
Einstein spontaneous emission coefficient for the excited electronic state, and t is time. The
LIF signal is proportional to N(t), so that a single exponential fit to the decay of the signal
yields a decay constant 1! as given by

T1=2kqQni+A 2

If the concentration of only one species is changed, a plot of the concentration of that
species yields the quenching rate constant kg and the intercept of A plus the contributions
from the other species. Often these contributions are small and the y-intercept corresponds
only to A, which is the inverse of the radiative lifetime, T, . Under combustion conditions,
a critical parameter is the fluorescence quantum yield, ¢, given by

0=At 3)

¢ is equal to 1 if the collisional quenching is negligible and approaches 0 as the collisional
quenching begins to dominate.

In the room-temperature CH apparatus, the ground state radicals were generated
from the sequential extraction of H atoms from CHy4 by microwave discharge generated




fluorine atoms. This is not a one-step process and must proceed through the reaction
intermediates CH3 and CHj. This reaction took place in a flowing system with a typical
total flow rate between 0.5 and 10 L/min. The total pressure in the system ranged from

2 to 10 Torr, with the majority of the gases being either He or Ar. Both of these rare gas
species are inefficient at quenching A-state CH. With no other added gas, this source
generated copious amounts of ground state CH. Light with a wavelength of about 440 nm
from an excimer-pumped dye laser excited the CH molecules from the ground state to the
AZ2A excited electronic state. The fluorescence was monitored at right angles by an
unfiltered phototube. We recorded the time dependence of the LIF with a 100-megasample
transient digitizer. We added the various quencher species to the discharge flow of TH
radicals, taking care that the added species were well mixed with the other discharge gases
by the time the gases reached the observation region. Calibrated mass flow meters were
used to measure the flow of the individual components so that we could obtain the partial
pressures of each species.

Unfortunately, the CH LIF signal decreased significantly when we added only a
small amount of quencher. With the quenchers Hp and CO;, we could not observe any
change in the fluorescence lifetime before the CH signal disappeared completely. We
believe the rapid disappearance of the CH LIF signal was due to rapid reaction of the
ground state CH radicals with the quenchers or with one of the CH precursors during the
long time required for thorough mixing of the species. These chemical reactions consume
the ground state CH between the CHy injection site and the observation region. With the
CO quencher, we observed changes in the CH fluorescence lifetime with added CO
pressure and therefore attempted to shorten the distance between the CH production portion
of the cell and the observation region. This procedure successfully increased the range of
usable quencher pressures for CO, but the quenching rate constants and cross sections
obtained using different flow and discharge configurations gave inconsistent results. The
cross sections we obtained varied between about 3 and 16 A2 depending on the total flow
rate, method of production of CH, and total pressure in the system. We believe this
variation is due to poor mixing of the quencher with the bulk gas, reactions producing
molecules that quench CH more rapidly than the quencher itself, or both. Both these
experimental difficulties complicate the interpretation of the results of this technique.

The two major findings of the CH quenching work in room-temperature flow cells
are that the quenching results for the CO collider are consistent with those of an earlier
study of Nokes and Donovan,!4 and the quenching by CO3 is smaller than 2 A2. Previous
results of both room-temperature and high-temperature (1400 K) quenching are
summarized in Reference 15.

10




Because of the importance of the flame measurements, we decided to proceed to
time dependent measurements in a low-pressure flame. We feel that laser photodissociation
is the best technique for measuring these quantities for CH at room temperature. Here,
light from an excimer laser photodissociates a suitable precursor and then, after a variable
delay, the CH quenching is measured with LIF. This method permits experiments to be
performed with higher quencher pressures so that greater changes in the fluorescence decay
constant can be observed. The photodissociation production mechanism has two important
improvements over the setup described above. First, the quencher is thoroughly mixed
with the radical precursor and the bulk gas, so the mixing problems encountered with the
discharge flow production of CH are eliminated. Second, with laser photodissociation, the
CH radicals are probed microseconds after their production, whereas the radicals in the
discharge flow are probed milliseconds after production, during which time most of the
ground state radicals are consumed by chemical reactions. CH quenching in the ground
state can be measured by laser photodissociation; however, from a diagnostics perspective,
the results are less important than initially anticipated.

Low-Pressure Flame Measurements

Although LIF measurements obtained by exciting the A2A electronic state are
commonplace, quantitative concentration measurements require knowledge of the
fluorescence quantum yield, which depends on both the radiative and collisional processes
that occur after electronic excitation.!5 Before our studies, little was known about
collisional processes such as quenching (the total removal from the excited electronic state,
which includes both reaction and energy transfer processes that change the CH electronic
state) and rotational level specific processes at flame temperatures. Also, very little work
had been performed on the B2X- electronic state either at room temperature or in flames.
We find that LIF measurement of the B2X- state is an alternative detection method with
sensitivity comparable to LIF measurement of the A state.

We examined the collisional energy transfer in the A2A and B2X- states of CH by
directly measuring the time dependence of the LIF in several low-pressure, premixed flat
flames. From direct observation of the fluorescence decay, we measured the fluorescence
quantum yields needed for quantitative CH measurements and estimated limits on the
collisional quenching rate constants for several key colliders. Both the concentrations of
the major species and the temperature vary across the flame front in the combustion
environment; these variations can alter the observed decay and change the fluorescence
quantum yield. A quantitative understanding of the collisional quenching of CH by various

11




species in the flame permits extension of these measurements to flames where the time
dependence cannot be observed, for example, as ir. high-pressure turbulent-flow systems.

Rotational level effects of quenching in the flames were also examined. In recent
state-specific, room-temperature, flow cell studies of two simple hydrides, OH(A2X+) and
NH(A3IT;), most colliders showed a significant decrease in the electronic quenching rate
with increasing rotational level in the excited state.16.17 To examine this relationship
further, we evaluated the quantum state selectivity of the fluorescence quantum yield for
different excited rotational levels and assessed its effect on LIF diagnostics at high
temperatures. We found a small but measurable decrease in the quenching rate constants as
the rotational quantum number increased in several flames.

We also examined the electronic-to-electronic energy transfer from the B-state of
CH 1o the A-state. This nearly isoenergetic transfer has been observed in atmospheric
pressure flames. From detailed position dependence studies on the signal, we found the
signal could be used as a sensitive, versatile diagnostic tool, especially in particulate laden
systems that generate scattered laser light at the excitation wavelengths.

The foregoing paragraphs briefly summarize the results on CH. With the
information we have gained on CH fluorescence quantum yields in both the A- and
B-states, accurate estimates of the fluorescence quantum yields are a reality. The results of
this study are described in detail in publications resulting from this contract, which are
included as appendices A through D and F.

C2H,

Although CyHj (acetylene) is a stable species, it is an important intermediate in
hydrocarbon combustion. Acetylene is considered a possible precursor in soot formation
and production of higher hydrocarbons in methane combustion. It can also serve as a
prototypical polyatomic molecule with which we can improve new methods. We have
detected C2H> in room-temperature and heated flows by means of both PAD in the infrared
portion of the spectrum and LIF in the ultraviolet portion. In addition, the ultraviolet LIF
method has proved successful in monitoring the decay of the CoH; concentration in low-
pressure flames.

Infrared PAD Studies

During the early part of this project, we examined pulsed photoacoustic detection of
CoHj. Acetylene was selected as a good candidate for these initial PAD studies because of
its absorption bands in the 9600 cm-! region, where H20 does not interfere at room
temperature or high temperatures, as described below in the HO; section. CoHj is also a
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stable species that can be studied at high concentrations without elaborate preparations. We
examined the CaH» spectra at room temperature and elevated temperatures and in an
atmospheric pressure flame.

In the experimental investigation of CoH2, we generated near-infrared radiation
between 8400 and 12,700 cm-! with a Nd: YAG-pumped dye laser. The fundamental dye
output was focused into a high-pressure hydrogen cell, and the first or second Stokes
stimulated Raman emission was collimated and separated from the other orders with a
Pellin-Broca prism. The infrared beam, with a pulse of approximately 0.5 to 5 mJ, was
then directed through a slowly flowing source of acetylene (at ~760 Torr) from the end of a
1/8"-1.D. wbe. A Bruel & Kjaer type 4138 microphone was positioned 5 mm away from
and orthogonal to the propagating laser beam and the flowing stream of CoHj. The
microphone output was amplified and filtered through a Tektronix differential amplifier and
sent into a PAR boxcar averager. Examples of the signal as a function of excitation
wavelength are shown in Figure 2. The signal that is strongest and least complicated by
possible overlapping H2O bands is that near 9650 cm-! (shown in the top panel of the
figure). Figure 2 shows that CoHj absorbs throughout the infrared in characteristic
vibrational overtone bands. Many other molecules (for example, CH4 and CHg) also
absorb light in this region and produce photoacoustic signals, and often these species can
interfere. Therefore, one must have a good understanding of the spectroscopy and
interference at room temperature and above.

To study acetylene at temperatures between room and flame temperatures, we
constructed an atmospheric pressure, resistively heated, quartz-jacketed flow tube with a
shroud of nitrogen surrounding the exit orifice for the heated C;Hp. Using thermocouples
positioned precisely at the point of CoHj-laser intersection, we achieved regulated
temperatures as high as 900 K. We then performed several frequency scans on the
0030000 < 0000°0° transition in CoHj at temperatures ranging from 300 K to 900 K. The
series of spectra in Figure 3 shows the striking differences in the rotational structure and
signal intensity for higher temperatures and demonstrates why this particular acetylene band
will be difficult to detect in a flame, where temperatures are higher and species
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TABLE 1

PERCENT OF THE MOLECULES IN THE GROUND VIBRATIONAL STATE AS A

FUNCTION OF TEMPERATURE
T (K) CH (%) CoHo (%)
300 100 84
500 100 53
1000 98 13
1500 93 4
2000 86 1

2500 79 <1
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concentrations lower. The temperature dependence of the CoH» spectra is puzzling. With
increasing temperature, the CoH> signal decreased in magnitude and increased in
complexity. The signal dropped by two orders of magnitude in going from 300 K (bottom
panel) to 900 K (top panel). The increase in spectral congestion can be attributed to the
population of vibrationally excited modes and the increased number of rotational levels
populated. Table 1 shows the effect of temperature on the fractional population of the
ground vibrational state of acetylene. Using the results in Table 1 and a simple calculation
based on the rotational partition function, we estimate that the CoHp signal decreases by
about an order of magnitude on a representative rotational line as a result of this effect. The
additional order-of-magnitude decrease must be due to either decomposition of the CoH3 in
the heating region (which is significantly hotter than the exit temperature of 900 K) or scme
as yet uncharacterized process.

We made several attempts to detect acetylene in atmospheric pressure flames by
PAD near 9600 cm-!. Initially, an acetylene/oxygen flame burning on a glass blower torch
was probed for C2Hj. In the midst of significant acoustical background noise from the
nozzle, we discovered a broad, apparently nonresonant photoacoustic signal that mimicked
the dye laser energy in signal intensity, but there was no evidence of the strong acetylene
band. This background signal persisted throughout and above the reaction zone but fell off
in intensity well into the section containing burnt gases. The lack of identifiable structure in
this type of flame compelled us to try a slot bumer, which would allow a longer irradiated
path, create almost negligible amounts of "nozzle" noise, and give somewhat more distinct
flame zones than the conical plume produced by the acetylene torch. The flame zones from
the slot burner could be clearly intersected by a focused laser beam.

The search for C2Hp recommenced in a methane/oxygen/nitrogen flame, but when
no discernible peaks emerged above the noise, we seeded the flame with small amounts of
acetylene. In the spectral scan of the CoH»-doped flame, we observed some low-level but
distinct structures that somewhat resembled the C;H» data at ambient temperature and
pressure; however, these structures only appeared low in the rather thin reaction zone, and
we feel they could be attributed to overlap of the laser beam with heated, unbumt acetylene
in the premixed gases just below the reaction zone. The lack of adequate flame zone
resolution in atmospheric flames and our failure to conclusively detect any notable acetylene
features in various flames and flame regions indicated that, at least in high-pressure flame,
PAD was probably not the method of choice for C;H; detection. CoHj was detected
unambiguously only in the low-pressure burner system.

17




Ultraviolet LIF Studies at Room Temperature

Currently, the ultraviolet LIF method described below appears the n.ost promising
for sensitive and selective detection of CoHj. Before discussing the method itself, we will
summarize the pertinent spectroscopic parameters. Acetylene absorbs light of specific
wavelengths between 247 and 205 nm. These absorptions correspond to vibrational bands
in the A - X electronic transition.18.19 Although these bands are spectroscopically
complex, they can be rotationally assigned; they exhibit a characteristic "fingerprint” for
C2Hj. Acetylene is linear in the ground electronic state and bent in the A-state. This
geometry change causes long progressions in the vibrational bands, and the fluorescence is
observed at wavelengths to the red of the excitation laser light.

We performed several experiments in a room-temperature flow cell or in the low-
pressure burner without the flame in operation. The geometry was the same as for other
LIF experiments; the fluorescence was imaged at right angles by a two-lens system onto the
slits of a 0.3-m monochromator. Figure 4 shows a typical scan of CoH3 LIF as the
excitation laser is scanned between 215.63 and 216.63 nm. The signal-to-noise ratio is
extremely high, with the inset showing a small portion of the excitation spectrum slightly to
the blue of the strong feature that can be attributed to the R-head of the (vé =4,K,=1)-
(va=0,24=0)11,-2 ¢ subband (labeled Va K(l)). This figure illustrates the complexity
of the excitation features in this region, but in spite of the complexity, all the rotational
transitions can be attributed to acetylene.18 Vibrational bands similar to this are found
throughout the ultraviolet. Thus far we have observed features between 210 and 230 nm.

The most surprising result occurred when we resolved the fluorescence. We
observed extremely intense emission from C; after excitation of the A-state of CoHj.
Figure 5 shows this strong fluorescence for excitation at ~215.9 nm in the Vs K(l) band (see
Figure 4). The top panel of Figure 5 shows the spectrum from 200 to 700 nm uncorrected
for monochromator response, and the bottom panel shows a region between 250 and 350
nm that can be attributed to LIF from the A-state of CoHj itself. To our surprise, when we
looked into the cell containing the CaH; with the laser beam going though, a green
fluorescence corresponding to the C; emission was visible. This observation raises the
question of how this electronically excited C; is being produced and suggests that C;
production may be an extremely sensitive method of C;H3 detection. There are two
obvious possibilities. Electronically excited Ca could be the product of a chemical reaction,
or it could be produced in a photophysical process by the laser itself. The pressure and
power dependence of the various signals should reveal which process is the most
important.
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Before proceeding, we must comment on the origin of the C2 emission. The largest
features in the fluorescence spectrum, those at 430, 480, 520, and 560 nm, can be
attributed to the d3Hg-a3Hu Swan system. The spectrum clearly shows that many different
vibrational levels are populated. The C!T1g-A!Tl, Deslandres-d'Azambuja system (DAS),
with the Av = -1, 0, and +1 progressions at 415, 380, and 360 nm, respectively, is also
present. The Swan system is a triplet system, and the DAS system corresponds to singlet
Cy. Because the C; emission occurs only when the laser is resonant with an acetylene
transition in the low-pressure flow cell, the emission is probably not the result of an
impurity in the acetylene. We have excited different bands in C2H» and find that the
vibrational structure in the Swan system does not change significantly but the vibrational
structure in the higher energy DAS system is more sensitive to the energy of the excitation
photon.

Other experiments examining the time dependence of the laser-induced C3 emission
as a function of pressure indicate that the emission is produced promptly during the laser
pulse rather than from a reaction with a photodissociation product. Figure 6 is an example
of the data showing the time dependence of the fluorescence at different wavelengths. We
observed either the Swan, DAS, or CoHj LIF itself. The zero pressure intercepts
correspond to previously measured radiative lifetimes. The quenching rate constants
obtained from the slopes of the lines are noticeably different. The Swan system is removed
most slowly by added C2Hj, which makes the Swan system a very promising candidate
for detection of CaHj at higher pressures; both the DAS system and CoHj LIF are
quenched much more rapidly. Such behavior with pressure must be taken into account in
designing the best method for detecting CoH» at atmospheric pressure. Quantitative aspects
of these data are piesented in appendices H, J, and K.

To understand the photophysics, we also examined the signal as a function of laser
power for the different emissions, as shown in Figure 7. As expected, the CoHj LIF has
about a first-order correspondence with laser power, and the emissions from C are of
higher order. The slope of the C; line is about 2; this indicates that at least two photons are
needed to reach the excited state.

Low-Pressure Flame Studies

Using the information obtained in the room-temperature studies described
above, we set out to measure signals characteristic of C2Hj in several low-pressure flames.
This search is complicated by the large number of species generated during the combustion.
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To make the search for CoH; easier, we began our investigation in a C2H/O2 flame.
Because CoHj is a fuel species, we would expect its concentration to be greatest near the
burner surface and to decrease over the approach to the flame front as a result of
decomposition and changes in temperature. By examining different excitation and detection
wavelengths, we could decide which would be the most sensitive and least subject to
interference from other species and processes. From the relative intensity of features in the
fluorescence spectrum in Figure 5, the C2 Swan emission will clearly generate the largest
signals at typical laser powers. A large, continuous flame emission at the Swan (0,0)
fluorescence wavelength presents an experimental difficulty; however, with time gating on
the signal, the large background can be considerably reduced.

Figure 8 shows the fluorescence signal at ~520 nm, corresponding to the Swan
(0,0) band after excitation at two wavelengths in the ultraviolet. The curve labeled "on
resonance” corresponds to excitation of the V‘(‘) K%) feature in CoHap, and the "off
resonance” curve was taken at a wavelength where little acetylene is excited. Note that
these two excitation features have very different profiles. The on resonance curve peaks
near the burner, while the off resonance curve is negligible at the start, increases through
the flame front, and decreases in the burnt gases. The difference between the two signals
can be attributed to the concentration of C;Hj as corrected for the change in relative
population of the rotational level we excite at the on resonance wavelength (shown in the
bottom panel). Because the signals from the C2H; and from the interference are of the
same order of magnitude, the resonant component can be detected. To further investigate
these signals, we seeded a small amount of C>H3 into a well characterized 7-Torr Hy/O2
flame 720 for which temperature and OH concentration profiles had been measured. We
were able to see strong Cj signals similar to both the on and off resonance signals
described above for the CoHp/O; flame. Although the profiles in this flame persisted
higher off the burner, the relative amplitudes of on and off resonance components were
very similar. When we dispersed the fluorescence in this flame, the CoH» resonant and
nonresonant signals showed very similar fluorescence spectra. The similarity indicates that
no better detection wavelength exists for discriminating the interference from the desired
signal and also points to the possibility that the two components can be produced by similar
methods. Much more work is necessary before final conclusions can be drawn.

We have also estimated the amount of CoH; we could detect with our very
unoptimized system: near the burner we were able to observe about 200 ppm of C2Ha.
Several improvements can be made to lower this detection limit.
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CHj;

The methyl radical (CH3) is a chemically important intermediate in the ignition and
combustion of hydrocarbon fuels. CHj3 is less reactive than other hydrocarbon radicals,
and often its decomposition or oxidation is a slow step in the combustion mechanism.
Therefore, especially in the early stages of combustion, the CH3 concentration would
provide a crucial test of currently available combustion mechanisms. Unfortunately, the
methyl radical has never been detected by LIF, and its only accessible electronic feature is
unstructured and absorbs deep in the ultraviolet portion of the spectrum, near 216 nm.2!
This feature is unstructured because of the rapid predissociation of the excited state. The
CHj3 radical has been detected by REMPI in low-pressure flames.13.22

We attempted to observe CH3 by absorption in the 216-nm region. The first
experiments were single-pass absorption studies, our ultimate goal being application of
photoacoustic or photodeflection methods to this region of the spectrum. We have seen
this absorption by directly measuring the power before and after the flame as a function of
wavelength. The path length was 6 cm in a CHs/O2 flame at 100 Torr and ¢ = 1.5. We
observed an absorption of less than 5% with about a 2 to 1 signal-to-noise ratio, as can be
seen in Figure 9. We were unable to observe an absorption signal in less rich flames
because of the signal-to-noise level. However, this result is very encouraging, because we
should be able to increase the sensitivity of the experimental apparatus both by multipassing
the laser beam and by applying either photoacoustic or photodeflection techniques. All the
possible interferences in the low-pressure burner system should be evaluated using
different flames.

HO,

The HO; radical is present in cool regions of the flame during the early stages of
combustion. It is one of the few radical species in hydrogen combustion that has not been
observed in the combustion environment. Both its low concentration and its unfavorable
spectroscopic properties have contributed to its lack of detection. Because of the
importance of this radical in the early ignition chemistry, an attempt to detect it was
warranted.

Early in the project, we attempted to use PAD to detect HO7 in a CH4/O; flame at
atmospheric pressure. Because HO; is not a stable species, we could not easily perform
room-temperature experiments similar to those used in the infrared detection of CyHa.
Infrared laser light was generated and the photoacoustic signal detected in the same manner
as described above. As shown in Figure 10, we observed absorption features near 1.4 um
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in the area of a low-lying 2A' excited state of HO2, but all observed lines persisted out into
the burnt gases and could be assigned to H70.23 In retrospect, we concluded that, because
of overlap with the major species (H20), HO2 should be almost impossible to detect near
the band origin of this transition by an absorption method.24 This conclusion was verified
by some simple kinetic modeling which showed that, even in low-pressure flames, the
concentration of HpO is always at least an order of magnitude greater than that of HO».
Because of this difference in concentrations, any potentially successful detection method
will be insensitive to background H2O signals.

Two alternative methods may be feasible. The first involves exciting high vibration
levels of the low-lying electronic state in the red and near infrared portions of the spectrum
and observing the LIF with a red-sensitive photomultiplier tube. The other employs two
lasers: one to photodissociate the HO; near 250 nm, and the second to probe the OH
photofragment. The success of the second method hinges on the internal state distribution
of the OH photofragment. If the OH photofragment comes out in high vibrational levels.
we should be able to detect it above the thermal OH in the flame; but if the photofragment
comes out in low vibrational levels, the signal will be masked by the thermal OH.
Experiments in a room-temperature flow cell are needed to assess the feasibility of both
techniques.

CH,

The CH; diradical occurs during the early stages of fuel decomposition and is
important in the chemistry of ignition, soot, and possibly NOx formation. Methylene
presented a unique experimental challenge. Methylene has a triplet ground state and a
metastable singlet excited state lying about 3150 cm-1 higher. Unfortunately, the only
known triplet excited state lies at such high energy?23 that excitation with lasers from the
ground state is not feasible in the combustion environment. However, in room-temperature
experiments, LIF has been observed in the b1Bj - alA; system of singlet CH, created
directly in the a state by the photodissociation of either acetic anhydride or ketene.26-29
This system occurs in the visible region of the spectrum. Figure 11 shows the vibronic
Boltzmann fraction for both the ground triplet state (X) and the singlet state (2) as a
function of temperature. If these states are in equilibrium at combustion temperatures,
about 1% of the CHy molecules will be in the alAj (0,0,0) state at 1600 K. At the start of
this investigation we were unsure if this small fraction would be enough to detect CH3 in
the complex environment of a flame.
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On this project we performed the first optical detection of the chemically important
methylene radical in a combustion system. The details of this observation are contained in
Appendix I. What follows is a brief summary of that initial study.

Methylene absorbs light in vibrational bands between 400 and 800 nm30, initially,
we chose to study the (0, 16, 0) - (0, 0, 0) vibrational band near 18,600 cm-!. This
investigation began in a low-pressure methane/oxygen flame because it was easy to operate
at low pressures and the flame had a simpler chemistry than those containing higher
hydrocarbons. The experimental setup was typical for LIF experiments. We observed the
fluorescence at a right angle to the incoming laser beam and dispersed the fluorescence in a
monochromator. From the start we knew that the signals would be small and thus the
fluorescence would have 1o be detected away from the excitation laser wavelength to avoid
scattered laser light. After several days of searching, we located an extremely weak signal
in the correct wavelength region for both excitation and fluorescence. After all possible
parameters were maximized, the signal corresponded to about 1 fluorescence photon every
5 laser shots. This extremely small signal made all the experiments difficult and time
consuming. However, we unambiguously identified the detected species as methylene and
went about examining different vibrational transitions by using other flame sources and
looking at the time dependence of the fluorescence. We also obtained relative concentration
profiles of CHj, CH, and OH along with a temperature profile in a 5.6 Torr ¢ = 1.05
methane/oxygen flame.

Attempts to make the measurements quantitative were hampered by uncertainty in
the level of optical saturation in the methylene measurement and lack of available
spectroscopic parameters. Since this was the first investigation of this species, many
questions remain to be answered. Preliminary modeling studies3! indicate that at these
pressures the singlet and triplet manifold may not be in equilibrium and thus separate
treatment of the two species would be required in any modeling effort. We also discovered
the importance of knowing the level of saturation of the excitation laser. Finally, the
spectroscopic parameters that require measurments were determined. These include
vibrational band transition probabilities for the (0,16,0) level of the state.

Unfortunately, the signal levels for detection of CHp are extremely low, and thus
extreme care must be used in its detection. Because of these low signal levels, this
technique cannot be applied to a wide variety of combustion systems like detection of OH.
However, detection is indeed feasible, and for a few well chosen laboratory flames it will
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provide a good test of hydrocarbon combustion chemistry. Further work is required to
make this technique quantitative.
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CONCLUSIONS

In this project we have improved and quantified the LIF techniques used in
measuring of the CH radical concentration and developed new methods for the detection of
the chemically important transient species CoH2, CHy, and CH3. CH detection is now
well understood and C2H; detection shows promise as an extremely useful method
applicable to several practical systems such as turbulent diffusion flames. We have
demonstrated that detection of the chemically important polyatomic radicals is feasible and
with additional development will provide useful information to help unravel the details of
the chemistry of hydrocarbon combustion.
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STATE SELECTIVITY IN LIGHT EMISSION FROM FLAMES

David R. Crosley, Karen J. Rensberger and Richard A. Copeland
Molecular Physics Department
SRI Intemational

chemistry. Althoummmisﬁnne\ndemeforouumwmmfom
electronically excited OH and CH the accepted
chemiluminescence mechanisms cannot explain all of the observations, indicating the
importance of other pathways. Some of the evidence for other
found in the highly nonequilibrium intemnal level distributions seen in flame
chemiluminescence. An interpretation of these observed distributions in terms of the
nascent results from the elementary reactions involves consideration of state-specific
electronic quenching and energy transfer. We present some recent observations on
chemiluminescent emission from CH and OH in hydrocarbon flames on a
low-pressure flat flame bumer, and summarize pertinent experiments in flames and
other systems on excited state quenching and energy transfer in these two radicals.

%

1. INTRODUCTION

The light emitted as a result of chemiluminescent reactions of free radicals forms
what we familiarly think of as a flame, even thou
negligible pathway for the overall conversion of fuel

products. Mhavebeenmemmuﬂymdwsofﬂamelmﬁmas
exemplified by Gaydon's book [1] on the topic, but j
on laser-based optical methods has generally superseded such studies. Nevertheless,
an understanding of the process of chemiluminescence from flames can have practical
benefits, for its use as a monitor of the progress of

conditions where probing by lasers cannot be camied out. We can cite several such
recent examples: the measurement of CH, C; and O

spatial and temporal regimes of heat
emission to conditionally sample flame
observations of emission from C, and from
markers of shock fronts in detonation waves [4). can be

in this last study the radiation from these two states did not coincide temporally in
the shock. Additionally, the chemiluminescence can be of direct significance such as

i?
i
%
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its use in detecting rocket plumes through observations in visible and ultraviolet
spectral regions (5]

Despite the many observations of these phenomena, there remain many
unanswered mechanistic questions. Nearly all of the identifiable light emission from
flames is from small free radicals, and the formation of the radicals in electronically
excited States demands energetic precursors. Thus the reactants are also free
faliilln many of the likely reactions form the highly stable OO rclzcile as one of
the products. Only faily recently (6] were any mechanistic pathways established for
the production of excited OH and CH in one low-pressure flame, using absorption
measurements of ground state radical concentrations; but, for at least CH, even that
mechanism has been questioned in a different series of experiments [7).

In these reactions, there is ofien considerable energy deposited into internal
degrees of freedom of the emitting, electronically excited radical. An illustrative
example is shown in Fig. 1, which exhibits a Boltzmann plot of the rotational
populations in the v'=0 level of the A2Z* state of the OH radical in the primary
reaction zone cf an ammospheric pressure methane/oxygen flame, The distribution
appears bimodal, described by two “temperatures”. At lowest N, the (poorly
determined) value of 1700 K is not far from the rotational temperature of ground
state OH, determined by absorption measurements. The highly nonequilibrium
distribution at higher N’, however, is far hotter than any possible flame
temperature. It is the result of the nascent distribution from the chemiluminescent
reaction forming {8] OH® (possibly CH + O), together with rowational energy

NI
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FIGURE 1. Rotational level Boilzmann plot: the logarithm of the state population
divided by its degeneracy vs. its energy. Note that negative values increase to the
top. This is for emission from the v/=0 level of the A2L* state of the OH
molecule, in the reaction zone of a stoichiometric, atmospheric pressure CHyq/O;
flame. The distribution is bimodal, with the populations at Jow-N*' close to that of
the ground state OH sotational temnperature, plus a nonequilibrium high-N* component
reflecting the chemiluminescent reaction forming OH in the flame.
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transfer, and rotationally state-specific collisional quenching which in s flame is the
dominant removal mechanism from the excited state {9). Similar distributions >ave
been observed in other hydrocarbon flames [1,10]).

It would be useful 10 relaic the formation of the chemiluminescent, emitting
radicals to the progress of the primary combustion reactions for a variety of flame
conditions. In doing so, relationships among excited and ground state radical
concentrations form important clues. So also do the particular state distributions
(elecucaic, rowmtivaal and vibraiional) populaied by these reaciions i the fiames.
Deducing those nascent distributions from the measured ones demands knowledge of
collisional quenching and intemal energy transfer in the flame environment. For
several years we have been studying these collisional processes for a variety of
small free radicals important in combustion, and have recently begun observations of
the chemiluminescence itself in a low-pressure bumer system. In this paper, we will
concentrate on two species: OH and CH. We will describe some of the
chemiluminescence results, which raise new questions (but do not yet resolve them!)
concemning the mechanistic pathways, and shall summarize current knowledge of
quenching and energy transfer for these radicals in flame environments.

2. CHEMILUMINESCENCE OF CH AND OH

It was long ago suggested [1] but only more recently established [11,12] that in
hydrocarbon/oxygen flames the major, perhaps sole, means of formation of OH* is
the reaction between CH and O;. The evidence supporting this conclusion {11]
comes from the constancy over various operaung conditions, in a low-plessure
CaH,/0O5 flame, of the relationship [OH*]nT! I[CH][OZJ where n is the total
density; this is as expected from a simple sieady state balance between this
formation reaction and collisional removal of the excited state. Further support is
found in the results from a room temperature discharge flow system (12] of O +
CyHj, which are in agreement with a complex computer model of the reaction
network. This reaction yields rotationally hot distributions, as seen in Fig. 1
contrasting for exampie with the nonequilibrium vibrational distributions of Adx+ OH
in a Hy/O9 flame (1] (formed in that case via inverse predissociation).

Several spatial profiles of the intensities of chemiluminescence of CH* and
OH* and laser-induced fluorescence (LIF) of CH and OH from the low-pressure
bumer experiments [13] are shown in Figs. 2 and 3. A sintered, porous disc flat
flame bumer of 5 cm diameter is housed in an evacuable chamber, permitting flames
to be stabilized down to about 3 Torr. Measurements of excited state
chemiluminescence are made with a small monochromator, here operated with a
typical 10 nm bandpass and a wavelength fixed to the center of the emission band
being monitored. The spatial resolution is governed by the slit width and is about
04 mm. Ground state measurements are made using LIF with an excimer-pumped
dye laser, frequency doubled to detect OH or used directly in the ultraviolet or blue
for exciting the CH B and A states respectively, Here, the pulsed laser produces
pulsed LIF, which is time-resolved to discriminate against the flame emission.

Fig. 2 shows the spatial profiles for a stoichiometric propane/oxygen flame at
6.5 Torr. There are several salient features. First, the OH* emission profile peaks
higher off the bumer (i.c.. later in the flow) than the ground state CH profile. The
O, concentration, although not measured here, must continually decrease as a
function of distance from the bumer. Over this region, the temperature (measured
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FIGURE 2. Spatial profiles of LIF and chemiluminescence for several flame
radicals, taken in the low-pressure bumer. The flame is C3Hg/Op at a pressure of
6.5 Tomr. Note that intensities, not radical concentrations, are plotied; the
relationship between the two involves a quantum yield which is however nearly
constant throughout this flame.
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FIGURE 3. As Fig. 2 for a C3Hg/NoO flame.
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separately in CH rotational excitation scans) varies from ~1500 K tw 2000 K.

Using temperature-dependent quenching cross sections [9], describea below, we expect
that the OH quantmum yield should vary only about 5% through the flame; direct
measurements [14] of CH quenching on the same bumer show that its quantum yield
100 is constant. Thus these intensity profiles can be taken as equivalent to
concentration profiles of OH* and ground state CH. Taken together, they do not
m:z:ch that sxpacted from the CH + Op reaction. Consequently, there must here be
some additional mechanism responsible for the production of OH*. This is also
evident from the strong OH* emission in a C3Hg/N)0 flame (Fig. 3). Again, the
hydroxyl emission peaks later than the CH ground suate, even though here there is
litde molecular oxygen present.

Evidence conceming the CH* production mechanism comes from the staie
selectivity observed. In the oxygen-based flame, Fig. 2, the CH B2%
chemiluminescence has a slightly different profile from that of the A2A emission.
This suggests either that these two states are formed via different reactions, or else
that the emission quantum yield varies markedly with position through the flame,
differing for each state. The latter possibility can be addressed from the quenching
study [14] on both states of CH made in the bumer. Although the B state
quenches more rapidly and the B + A transfer rate varies slightly (perhaps 10%)
with bumer position (se¢ below), that cannot explain the difference in profiles. This
can be concluded from an energy transfer experiment in an atmospheric pressure
methane/oxygen flame [15], which showed that only about 20% of the B-state
molecules are quenched to the emitting A-state. Thus we conclude that there are (at
least) two mechanisms for producing excited CH. Similar resuits are seen for
methane flames. (The N;O-based flames provide no evidence of this nature because
stong chemiluminescence from CN masks the CH B-X emission, as seen in Fig.

3). On the other hand, the differences are small (see Fig. 2) and disappeared when
the propane flame was diluted with Ny. Thus there is a state sclectivity indicating
at least two production reactions, although the reaction which produces the difference
in A and B state profiles may be only a fraction of the total CH* formation
mechanism.

Previous evidence for the mechanism of formation of CH* comes from two
experiments. A measurement {6] of spatial profiles in low-pressure CoHy/O; flames
showed the ratio [CH*}{C3}(OH) to be remarkably constant with variation in many
different flame parameters. Only the A2A stae was observed, however. In a more
recent study [7) in a low pressure discharge flow ai room temperature, emission
spatial profiles, measured downstream from mixing of O + ChHj;, were compared
with the results of a computer calculation, varying many discharge parameters. Here
it was concluded that CH* was produced from the reaction O + CoH, not the
reaction C; + OH deduced from the flame swdy. The present profiles suggest that
neither mechanism is solely responsible for the formation of electronically excited CH.

Another pertinent observation is that of a third. excited state of CH, C2Z¥,
which lies some 6300 cm-! or 9000 K higher than BZX". It is not seen in low
pressure discharges (7,16] of acetylene and oxygen but is observed in atmospheric
pressure flames of those two reactants [16). This is significant in that the energetics
of the two proposed CH* formation reactions are considerably different; O + GH
has just enough energy at threshold to populate the v'=0 level of B2T whereas OH
+ Cy is energetic enough to directly produce C2I*. We find the argument in Ref.
7, that the C-state is formed in flames from vibrationally excited CH, to be
questionable, in view of the very large amounts of excess energy required above
threshold.
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3. COLLISIONAL QUENCHING OF CH AND OH IN FLAMES

It can be seen from the above that it is necessary to account for collisional effects
on the emission quantum yields when interpreting chemiluminescence profiles to
deduce mechanistic information. In this section, we summarize the results of a
series of experiments on quenching and energy transfer in electronically excited OH
and CH, which are pertinent to such flame studies.

We have made OH measurements in discharge flow cells and a laser
pyrolysis/laser fluorescence (LP/LF) apparatus [16] for T = 230 to 1400 K, and on
CH in the bumer, at T ~ 1700 K. The measurements of quenching were made
from the pressure dependence of the direct time decay of LIF signals; an example
of such a decay trace from the CH experiments is shown in the upper panel of Fig.
4. Energy transfer has been studied using fluorescence scans following laser
excitation of an individual upper state level.

The OH room temperature results showed a key finding (17,18): that the
quenching cross section varied markedly with rotational level N', for some 20
collision partners studied. is state-specific effect can be seen because individual
rotational levels are excited by the laser, and they do not rotatioally thermalize
before undergoing a significant amount of quenching. In some cases, oq drops as
much as twofold as N* increases from 0 to §. This has important implications for
interpreting distributions such as in Fig. 1, because the OH in the flame also does
not become rotationally thermalized before quenching {19). On the other hand,
neither the rotational level dependence at high N°, nor the temperature dependence of
meN'-dependcnceiskmmsonptmtmeeffectsofmisvariaﬁmoroQcan
only be estimated. Recent experiments in the bumer [14] have shown the quenching
of both the B- and A-states of CH vary with N', although the variation in the
fiames is less marked, 20% at most. The degree varies with flame; it is flat for
CHg4/O7 and decreases similarly for C3Hg/Op and CaHy/O. This can be ascribed
to the different collisional environments in these flames. We can make analogy with
both the OH resulis {18] as well as with recent room temperature studies [20] of
oq for A3[]; NH, which show a degree of rotational level dependence similar to
that for OH. We then expect a large N’ variation for CO; and linle for Hp0,
although this does not offer a full explanation of the variation with flame.

Room temperamre 6Q values for OH are large, ranging from 10 to 100 iz,
indicating [18] that attractive forces are involved in the collision. (The rotational
level dependence is then ascribed (18] to anisotropies in this attractive surface). A
goveming attractive interaction is in accord with studies {21] of the temperature
dependence of OH quenching, measured in both the flow and LPALF systems. In all
cases.onecnasesasmetemperammimmses. There is a further decrease in the
cross section averaged over a thermal rotational distribution, because of the shift with
increasing temperature to higher N', having lower state-specific 6. This must also
be taken into account in interpreting chemiluminescence data, which exist over a
range of temperature near the flame front.

The average cross section for a rotationally thermal distribution in the v'=0
level of the A2A state of CH has also been measured at elevated temperature in the
LP/LF apparatus [22]). Here, a comparison could be made with cross sections
determined from a photodissociation method at room temperature [23). For the four
colliders common to both experiments, GQ increased from 25% to tenfold, in going
from 300 K to 1300 K. This behaviour is markedly different from that of OH.
This indicates a quenching mechanism for CH involving some kind of barrier or
repulsive surface.
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FIGURE 4. Time dependence of fluorescence from the CH molecule in a
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Quenching of both the B2Z and A2A states of CH has also been studied in
the low-pressure bumer [14). Unlike the flow or LPALF systems, flames do not
offer an environment consisting of only one collision parmer. Nonetheless, some
collider-specific cross sections can be obtained for important flame gases. Operating
in an Hy/O9 flame at about 1500 K (with trace amounts of CHy added to produce
CH), for Hy0 could be measured. Results for Ny and CO, were obtained by
dxlunngQﬂzmes with these chemically inert gases, and extrapolating the quenching
rate o 100% added diluent An example of this method is shown in Fig. 5. For
these two colliders the quenching cross sections are larger than those from the
LP/LF experiments The LP/LF experiments were performed at 1300 K while these
flame measurements are at 1700 K. This thus shows an increase in cross section
with increasing temperature for these two colliders, for which no room temperature
measurements exist. For H0, this represents the first quenching determination for
this imporant collision partner. The cross sections are collected in Table 1.

= 12
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r CH A-state Quenching by Nitrogen
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FIGURE 5. Plot of the collisional rate constant in CH4/O; flames diluted with Nj,
as a function of mole fraction of flame gas. X=0.0 corresponds to 100% Nj, so
that the intercept is the rate constant due to nitrogen quenching.
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This table replaces Table 1 in the text. Subsequent studies have shown we can
only set upper limits on the collisional cross sections. See K. J. Rensberger,
M. J. Dyer, and R. A. Copeland, Appl. Opt. 27, 3679 (1988) for a compiete

discussion.
CH A2A and B2Z" collisional cross sections/AZ,

Collider N2 CO2 H20
Flame

CHB <4 <4 <ig8
CHA <3 <4 <13
LP/LF (Ref.22)

CHA 14 21

The decay trace shown in the upper past of Fig. 4 is obtained following laser
excitation of a specific N’ level in the v'=0 level of the B2Z" state of CH in the
bumer. Here, the spectrometer which viewed the fluorescence was wuned to 390 nm,
the location of the (0,0) band of the B-X system. If the spectrometer wavelength is
changed:o4l3mn.theminmelowcrpamlmﬂts. This is fluorescence in the
(0.0) and (1,1) bands of the A-X system, produced by CH molecules which have
been collisionally transferred from the B w0 the A state. Note that the risetime of
the A-X emission is the same as the decay of the B-X trace, whereas the A Rate
dies out more slowly, having smaller 6 for all flame conditions and the three
individual collision parmers for which measurements were made. Spatial profiles
showing the fluorescence from A caused by collisional transfer from B are given in
Figs. 2 and 3.

4. SUMMARY

Observations on chemiluminescence of OH and CH in hydrocarbon flames have been
summarized, and new experimental results suggesting possible multireaction pathways
have been described. The possible reactions for the production of CH* have very
different energetics, and the nascent distributions of populations within intemal levels
of the emitting radical may provide clues concemning the important pathway. A
proper interpretation of the observed rotational distributions must include
considerations of the competing collisional routes of quenching and rotational energy
transfer. Experiments performed over a large temperare range have shown that for
anondicalsdwqumhingcmssecﬁondepmdsmukedlyonbothmnﬁoml
quantum state and temperature.

A-10




553

ACKNOWLEDGMENTS
M.A. DeWildeoftheBalhsncReswd:Ubonm tookmeOHemxsionm
mulunngnglMJDyetNL.Gaﬂmd.JBJeffn and GP. Smith took part

mﬁwquumhmguwmrgymsfersmdiuono deHduuibed in the
paper. Weumkallofthsemwdms for their help and numerous discussions.
The assembly of this summary was funded by Gas steamh Institute; the
research described has received support from GRI, the Air Force Aeropropulsion
Laboratory, NASA and the Department of Energy.

REFERENCES

(1] AG. Gaydon, The Spectroscopy of Flames. Second Edition, Chapman
and Hall, London, 1974.

[2) IM. Corliss, DD Paul, RH. Bames and W.A. Ivanic, i
, in press, 1987;

D Reuter, BR. Daniel, J. Jagoda and B.T. Zinn. Comb. Flame,
65 (1986) 281.

31 LP. Goss, B.G. MacDonald, D.D. Trump and G.L. Switzer, AIAA

Paper 831480, Eighteenth Thermophysics Conference, Montreal,

Canada, June 1983.
[4] K. Saito and I. Murakami, Comb, Flame, 34 (1979) 331.

(5] WL. Shackleford, JANAF Exhaust Plume Technology Mesting,
San Antonio, Texas, May 1985; R.B. Lyons, J.B. Wormmhoudt and

CE. Kolb, Prog. Astron. Acro,, 83 (1982) 128.

(6] EM. Bulewicz, PJ. Padley and RE. Smith, Proc, Roy. Soc.,
A315 (1970) 129.

(7] J. Grebe and KH. Homann, Ber, Bun, Phys, Chem., 86 (1982) 587.

[8] An asterisk is used to denote an electronically excited molecule.

(91 NL. Garland and DR. Crosley,
Piusburgh, 1987, in press.

[10] M.A. DeWilde and DR. Crosley, NBS Special Publication 561,

(1979) 1171.

Twenty-First_ Symposium
The Combustion Instirute,

[11] RP. Poncr AH. Clark. W.E. Kaskan and W.E. Nrowne, Eleventh
, The Combusuon

Institute, Pittsburgh, 1967, p. 907.
(12) J. Grebe and K.H. Homann, Ber, Bun, Phys. Chem., 86 (1982) 581.

A-11




554
113}
(14]

s}
[16)

17

(18]

19)

(201
21}

{22)
[23)

K.1. Rensberger and R.A. Copeland, unpublished results.

K.J. Rensberger, MJ. Dyer and R.A. Copeland, Appl._Opt. 0 be
published.

NL. Garland and DR. Crosley, Appl. Opt.. 24 (1985) 4229.

GP. Smith, P.W. Fairchild, J.B. Jeffries and DR. Crosley,
1 _Phys. Chem.. 89 (1985) 1265.

1S. McDemid and J.B. Laudensiager, 1 Chem, Phys. 76 (1982)
1824.

RA. Copeland, MJ. Dyer and DR. Crosley, 1._Chem. Phys.
82 (1985) 4022.

GP. Smith and DR. Crosley, i
on Combhustion, The Combustion Institute, Pmsbumh. 1981,
p. 1511,
NL. Garand and DR. Crosley, L_Chem, Phys. 10 be published.
R.A. Copeland snd DR. Crosley, L_Chem. Phys., 84 (1986) 3099;
1.B. Jeffries, R.A. Copeland and DR. Crosley, I_Chem. Phys..
8S (1986) 1898; GP. Smith and DR. Crosley, L_Chem, Phys..
85 (1986) 3896.
NL. Gadand and DR. Crosley, Chem. Phys. Lett. 134 (1987) 189.

C.J. Nokes and RJ. Donovan, Chem, Phys. 90 (1984) 167.

A-12




Appendix B

TIME-RESOLVED LASER-INDUCED FLUORESCENCE IN
LOW-PRESSURE FLAMES




AMERICAN INSTITUTE OF PHYSICS
CONFERENCE PROCEEDINGS NO. 172
NEW YORK 1988

OPTICAL SCIENCE
AND ENGINEERING

SERIES @

SERIES EDITOR: RITA G. LERNER

ADVANCES IN
LASER SCIENCE-III

PROCEEDINGS OF THE THIRD INTERNATIONAL
LASER SCIENCE CONFERENCE

ATLANTIC CiTY. NJ 1 Q47

EDITORS:

ANDREW C. TAM
IBM ALMADEN RESEARCH CENTER

JAMES L. GOLE
GEORGIA INSTITUTE OF TECHNOLOGY

WILLIAM C. STWALLEY
UNIVERSITY OF IOWA




750

TIME-RESOLVED LASER-INDUCED FLUORESCENCE IN LOW-PRESSURE FLAMES

Karen J. Rensberger, Mark J. Dyer, Michael L. Wise,
and Richard A. Copeland
Molecular Physics Department, SRI International
Menlo Park, California 94025

ABSTRACT

Tinme-resolved laser-induced fluorescence measurements of the
total removal rate constants of electronically excited states of the
NH and CH radicals have been obcslned in a variety of low-pressure
(5 to 20 Torr) flames. The NH(A’Nl) removal rate constants have been
examined for flames containing N,0 as an oxidizer and source of
nitrogen. The NH fluorescence quantum yields decrease significantly
in the early portion of the flame where the temperature is lower2
and become constant farther away from the burner. For CH, the B“E"
removal rate constant is about 708 faster than that of the A®A in
several hydrocarbon/oxygen stoichiometric flames; both rates do not
vary significantly from flame to flame. The CH removal rate
constants for both electronic states are constant or show a slight
increase from the burner surface into the burnt gases for all the
flames. Temperature profiles are obtained using excitation scans
over several rotational levels for CH and NH.

INTRODUCTION

Laser-induced fluorescence (LIF) is a sensitive, selective and
non-intrusive spectroscopic_diagnostic technique for the detection
of minor species in fllues.l Radical intermediates such as CH and
NH are ideal candidates for LIF detection because of their
relatively low concentration (ppm) and easily accessible electronic
states. Quantitative concentration measurements using LIF require
knowledge of both the radiative and ths collisional processes that
occur following electronic excitation.

2 In cgis wvork, we examine the cgllision&l energy transfer of the
A“46 and B“L” states of CH and the ANl state of NH by direct
measurement of the time dependence of the LIF in several low-
pressure premixed flat flames. At atmospheric pressure, the LIF of
these radicals follows the time profile of the excitation laser
because of the rapid collisional quenching; in the low-pressure
flame, the quenching rate is reduced so that the fluorescence decays
are significantly slower than that of the laser light and can be
directly observed.

EXPERIMENTAL APPROACH
For these LIF experiments, the pulsed output of an excimer-
pumped dye laser excites the radicals from the ground state to a

specific level (v, J) in an excited electronic state. The radicals
are generated in a premixed low-pressure laminar flame burning on a

«© 1988 American Institute of Physics
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McKenna Products flat porous plug burner of 6 cm diameter. Flames
of many different fuels, oxidizers, and fuel equivalence ratios are
burned in the study. The burner can be scanned vertically to
examine different regions of the flame. The LIF is imaged onto the
entrance slit of a monochromator acting as a wide bandpass tunable
filter. A photomultiplier tube monitors the dispersed light and its
output is amplified and captured using either a 100 megasample/sec
transient digitizer or a boxcar integrator. The time dependent
fluorescence signal is fit from 90% to 108 of its peak value to a
single exponential decay constant.

-

NH(A3M) QUENCHING

Until this study, the collisional removal rate constants of the
A3n state of NH in flames were unknown; however, we have now
directly measured fluorescence decay constants in a number of low-
pressure flames containing N,0. Figure 1 is a typical summary plot
of the data for a

1 /,-/ 2300 Torr with a fuel

\ - 4

. g . equivalence ratio of
i | N4 C2Ha™NZO Flame - ¢ = 1.06. The bottom
$«106 P=138Tom solid line {s the NH
LIF signal from
excitation of the
Pa(7) transition in
< 1500 tﬁe (0,0) vib atignal
i band of the A“N-X°L’
electronic transition
as a function of
height above the
burner. At this

-
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W-e--4-t
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NHLUIF Sgnal  Decay Constard (us ")
L T
w
’
I 4
1

L 1 1

0 3 U 9 12 15 pressure the signal
Height Above Burner (mm) peaks near 5 mm and

persists out past

Figure 1 12 mm. The boxes

above the LIF signal
correspond to the right-hand vertical axis and give the temperature
profile extracted from NH excitation spectra. Details will be given
in a future publication. The diamonds show the decay constants
extracted from the temporal evolution as a function of height above
the burner. They change considerably from early times in combustion
(near the burner) to the burnt gases (> 10 mm). Each decay constant
is composed of a prissure independent term due to the NH radiative
lifetime of 2.3 us™* and a pressure dependent term due to
collisional quenching. The decrease in the decay constants shown in
Figure 1 for NH is typical for all the flames studied. This
behavior can be explained by the change in density and relative
collision velocity that results from the differences in the
temperature. This accounts for most of the change in the decay
constant. We therefore conclude that the effective cross section
for collisional removal is roughly the same over the entire flame.
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CcH(aZa) AND CH(B2Z™) QUENCHING

The electronic quenching of the a%a state of CH has been stugied
previously for a 20 Torr methane/oxygen flame by Cattolica et al.”;
we have now made temporally resolved neasute?ents in sevsral differ-
ent hydrocarbon/oxygen flames for both the A“A and tH§ B“Z electronic
states of CH. We find these notable aspects of the data. The CH
fluorescence quantum yields for both the B- and A-states extracted
from the decay constants remain constant or decrease slightly with
distance from the burner surface, in marked contrast to NH. As CH {s
found primarily in the region of the flame front where the tempera-
ture is increasing, a quenching cross section that also increases
with distance from the burner is suggested from the data. We observe
that the B-state is removed about 70% faster than the lower lying A-
state for all the flames, even though the position dependences are
similar. This difference in quenching was anticipated from indirect
neasurenznts in an atmospheric pressure flame by Garland and
Crosley. Both electronic states show a slight decrease of 10 to 20%
in quenching with increasing rotational level N’ = 2 to 14,

CH B~A ELECTRONIC-TO-ELECTRONIC ENERGY TRANSFER

In addition to the total removal rates described above, we
obtain information on the pathways of the removal of the CH B-state
by wavelength resolution of the fluorescence. We find that a
significant fraction of the molecules initially excited to the B-
state fluoresce at a later time from the A-state of CH. This
effect, previously onserved in atmospheric pressure flames,” can be
used advantageously to eliminate scattered laser light from the
detection of CH. Exciting the B-state and observing the A-state
about 50 nm away could eliminate many detection problems in systems
with significant particulate scattering. The signal profiles for
the B-state LIF and the B~A transferred emission shcw that the
relative amount of electronic energy transfer is constant throughout
the changing collision environment across the flame. All flames
studied to date show this energy transfer effect.
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NH AND CH LASER-INDUCED FLUORESCENCE IN LOW-PRESSURE

FLAMES: QUANTUM YIELDS FROM TIME-RESOLVED
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KAREN J. RENSBERGER, RICHARD A. COPELAND, MICHAEL L. WISE
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Time-resolved laser-induced fluorescence measurements of the total removal rate constants
for the v’ = O vibrational level of electronically excited states of the NH and CH radicals
are obtained in a variety of low-pressure (5 to 25 Torr) flames. The NH(AT1) removal rate
constants are examined for flames containing N,O as an oxidizer and source of nitrogen. The
NH fluorescence quantum yields decrease in the early portion of the flame where the tem-
perature is lower, and become constant farther away from the burner. For CH, the B'Z"
removal rate constant is about 70% faster than that of the A*A in several hydrocarbon /oxygen
stoichiometric flames; both rates do not vary significantly from flame to flame. The CH re-
moval rate constants for both electronic wtates are constant or show a slight increase from
the bumner surface into the burnt gases for all the flames. Temperature profiles are obtained
using excitation scans over several rotational levels for CH and NH. Upper limits and es-
timates for collider specific quenching cross sections for H,O, Ny, CO,, and several fuel
species are extracted. Collisional energy transfer is observed from the B'XZ" to the A’A state

of Cii. Quantiiative measurements show this process has useful diagnostic applications.

Introduction

Laser-induced fluorescence (LIF) is the most
sensitive and selective nonintrusive technique for
the detection of many diatomic radicals in flames.!
LIF is generally straightforward to apply to a wide
variety of combustion environments, furnishing de-
tailed species concentrations to help unravel com-
plicated chemistry and transport phenomena. Since
its inception, however, researchers have realized that
quantitative LIF concentration measurements are
complicated by collisional processes that occur in
the excited electronic state.® Only a fraction of the
molecules excited by the laser fluoresce and are de-
tected; the rest are removed by collisions (i.e.,
quenched). Knowledge of this fraction, the fluores-
cence quantum yield @, is needed to relate the
measured signals to the desired ground state radical
concentrations. Absolute concentration measure-
ments are directly impacted, but even relative
measurements can be affected under conditions of
varying major species concentration and tempera-
ture. One approach®* attempts to minimize the ef-
fects of collisions by using a high laser fluence (sat-
uration), but has several drawbacks among which
are the difficulty of estimating the probed volume*
and the complexity of the model used for data anal-

ysis. In this work, we attempt to understand the
collisional effects for a variety of conditions in suf-
ficient detail to provide enough insight to cstimate
& and its accuracy for different flame conditions.
We examine the NH and CH radicals in low-
pressure premixed laminar flat flames via direct
measurement of the time evolution of LIF signals.
There are significant unanswered questions con-
cemning the quantum yields of these frequently ob-
served radicals. This was pointed out in a study in
the preceding symposium,” in which estimates of ¢
under typical flame conditions were attempted, be-
ginning from available literature on bimolecular
quenching rate constants. Much important infor-
mation, particularly the temperature dependence of
quenching and the value of the water quenching
cross section, are lacking. In the work presented
here, results on total removal rate constants, as
functions of position in the flame and of rotational
level, are presented for both radicals in several dif-
ferent hydrocarbon flames. Importantly, the vari-
ation with flame position is smooth, can be extrap-
olated, and is generally understood. Some
information on collider-specific quenching rate con-
stants is obtained, and small effects of rotational level
dependence can be discerned. Collisional transfer
between two excited states in CH, B2X™ — AZA,
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is observed and may have useful diagnostic appli-

cations.

Experimental Approach

The apparatus can be divided into three parts:
the low-pressure bumer system, the excitation laser,
and the fluorescence detection system. Major fea-
tures of each are outlined below; a complete de-
scription can be found in Ref. 6.

The bumer system is composed of a vacuum
chamber with electronic, mechanical, and optical
components for positioning and probing the flame.
The bumner is a flat-flame porous-plug McKenna
design. Flames of many different fuels and oxidiz-
ers are bumed between 5 and 25 Torr total pres-
sure.

The output of a pulsed excimer-pumped dye laser
{~15 ns, ~0.2 cm™}) excites the radical from the
ground state to a specific quantum Jevel in the ex-
cited electronic state. All measurements are made
on the v’ = 0 vibrational level; excitation is to
NH(A’T1), CH(B®Z"), or CH(A%A) at 336, 385, and
413 nm respectively. Ap aperture limits the beam
diameter to less than 1 mm. Pulse energies be-
tween 1 p] and 1 m] are obtained using beam-
splitters and attenuators. A laboratory computer
controls the laser wavelength and records the sig-
nal. An f/3 lens collects the LIF and an f/4 lens
focuses the light onto a filter or the entrance slit
of a monochromator, where it is detected by a pho-
tomultiplier whose amplified output is captured us-
ing either a 100 megasample s~} transient digitizer
or a boxcar integrator, sveraging between 30 and
2000 laser shots.

The wavelength dependence of the response of
the detection system is crucial to the interpretation
of the results. LIF populates a single rotational level
N’ in the excited state. In NH and CH, like OH,
rotational equilibration is not achieved prior to
quenching. If the fluorescence is viewed with a
narrow band detector (<10 nm) rotational energy
transfer to levels whose fluorescence is not viewed
in that bandpass can be a significant removal mech-
anism.” If all rotational levels are observed with
equal sensitivity, many possible complications aris-
ing from rotational energy transfer, and from the
rotational level dependence of both the radiative
lifetime® and the quenching are minimized. All re-
sults and interpretations are based upon using a de-
tection system with a flat response over the entire
vibrational band monitored.

The decay trace following excitation of a single
N’ appears to be a single exponential, but is ac-
tually composed of a combination of many expo-
nentials similar in magnitude. We fit the time-de-
pendent signals from 90% to 10% of the peak to a
single exponential to obtain a decay constant 17!,

c=-2
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which is the sum of the radiative rate and a colli-
sional removal rate Q. The single exponential fits
and the experimental data agree to within the noise
level in the signal.® Under these conditions, some
rotational relaxation has occurred and the values
obtained represent the behavior of the distribution
of rotational levels following excitation of N’. This
distribution strongly peaks near the initially excited
N’ as can be seen for CH from fluorescence scans
under steady-state conditions in both atmospheric
pressure® and low-pressure’ flames, and is true for
NH as well. Subtracting the known radiative rate
for the initially excited N’ from the measured value
of 77! yields the collisional removal rate Q, which
when divided by the pressure gives the total re-
moval rate constant kb in units of ps™' Torr™’.
When converted into density units by knowledge
of the temperature, these rate constants furnish
quenching rate constants kg in units of em® 57},
which can be divided by the average collision ve-
locity to give quenching cross sections oglky =
{vdag).

Pr%ﬁles of radical concentrations as a function of
height above the bumer are obtained using the
boxcar integrator. The laser wavelength is set to a
transition originating from a rotational level whose
relative population does not change significantly over
the temperature region sampled; in CH this is Ry(7)
for the B-state and P(7) (overlap of two lines) for
the A-state, and in NH Py(8). The bumer is scanned
using 2 dc motor and the position read via a po-
tentiometer attached to the drive mechanism.

Precise knowledge of the temperature is impor-
tant for the interpretation of the LIF profiles and
the quenching data. It is determined at a given
burner position through unsaturated excitation scan
spectra which are fit directly to a single tempera-
ture parameter. In NH we scan the very congested
Q-branch region. It contains many lines of high and
low N" in a small wavelength range. For CH A-
state excitation, we scan the Q- and R-branches and
for CH B-state only the R-branches. Excitation scans
have also been taken with CN and with OH. In
most cases the temperatures agree to about =200
K. Further details on the temperature measure-
ments, including a discussion of sources of error,
can be found in Ref. 11.

Quenching of NH(AIL)

Prior to this investigation, ® for NH in flames
was estimated® from quenching data at reom
temperature'??® and at 1400 K.'* The higher tem-
perature study, using laser pyrolysis /laser fluores-
cence (LP/LF), provides the best guide for flame
estimates. However, the list of colliders investi-
gated did not include the important rapid quencher
H;0 or hydrocarbons with more than one carbon.
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The effect of these species could only be estimated
with the behavior of other similar col-
\ the more extensive studies on OH. Here,

and various hydrocarbons
14 Torr and fuel equivalence

4
:

flame. The diamonds show the position

of the decay constant v~! while the boxes denote
the temperature; the bottom portion displays the
NH LIF intensity. As the temperature increases

the et;nesponding decrease in the density. This

lision velocity, indicating that the average cross sec-
tion 0g has increased as well. This likely reflects
the changing compositien of the flame gases over

The flames we investigate containing NH all use
N¢O as the oxidant and the fuels Hy, CH,, C3Hs,
C;H,, and CgH, at 13.8 = 0.3 Torr and ¢ near 1.
Figure 2 summarizes the ko dependence on tem-
perature, which is estimated from the measured
temperature profiles at the position where the de-
cay constants are obtained. In the different flames

13
3 L. /‘wm l
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} 1200 =
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Height Above Burtar (mwm)

Fic. 1. Summary of NH data obtained in a 13.8
Torr, & = 0.95, H,/N,O flame. The bottom curve
is the NH LIF signal as a function of height asbove
the burner following excitation of the A’ll, - X2
(0,0) Py(B) rotational line. The increase near the
burner surface is due to laser light scattered off the
burmer surface. The boxes illustrate the NH rota-
tional temperatures (right vertical axis) and the dia-
monds the fluorescence decay constants (left verti-
cal axis) as functions of position. The dashed lines
have been added to guide the eye through the ex-
perimes<a! 1% points.
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FiG. 2. Temperature dependence of the NH(AT1)
total quenching rate constants for several flames.
The oxidizer in all cases is N;O and the fuel equiv-
alence ratios are 0.95, 1.04, 1.0}, 1.06, and 1.04
bl' H’, CH‘. C;H.. CgHg. md CgH.. l'espectively.
The open symbols show the experimental data points
v.:le the closed symbols show the calculated rate
constants from the cross sections given in Ref. 14
(see text). The rate constants at a particular tem-
perature are recorded at different positions in the
different flames and therefore under different col-
lison environments.

i 1 A

these positions can correspond to very different col-
lision environments. However, the rate constants in
the hydrocarbon flames are remarkably similar,
varying only about 10% from flame to flame. Note
that kg in the Hy/N;O flame are 10% to 30% faster
than at the same temperature in the hydro-
carbon flames, save for C;H, near the bumer.
We can compare the results for the H; and CH,
flames with kg calculated from the cross sections of
Ref. 14. 'l'here, g9 for Hz. N,O and CH4 were de-
termined to be 4.5, 2.8 and 7.8 A%, respectively,
at 1400 K. Fortunately, this temperature is similar
to those for the flame data taken closest to the
burner. At this point, some reaction of the fuel and
oxidizer has occurred, and a small amount of water
and nitrogen is present due to diffusion back to the
burner surface. However, in order to estimate
quenching rates from the 1400 K og, we ignore
these processes and assume that the fuel and oxi-
dizer concentrations can be approximated by the
initial values and use the og directly. To gauge this
assumption, we examine the results of a computer
mode)15.16 and experimental measurements’” for low-
pressure Hy/NoO flames. (Results for such flames
at stmospheric pressure'® are inapplicable because
of different conditions.) We do find partial decom-
position but note that the kYo:vesults in Fig. 2 vary
smoothly and only little at temperatures. The
caiculated kg for the H; and CH, flames are shown
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in Fig. 2 as the solid box and solid cirde. in the
H; case, kg is overestimated by 20%, while that
for CH, is only slightly lower than measured. This
agreement, together with the smooth variation of
kq in this region, suggests that we can describe NH
quenching in the cooler regions of these two flames.

Thus encouraged, we use the experimental kg to
estimate the approximate magnitude of the quench-
ing cross sections for the other fuel species. In the
CH, flame, about half the quenching is by N:O and
the rest is by the CH,. Assuming the same amount
of fuei and oxidizer reaction and diffusion at the
first appearance of NH near 1600 K for all the
flames, we estimate a cross section for C;H; that
is 1-3 times that of CH, and those for CsH, and
C;Hg are 2-5 times that of CH,. The trends agree
with results on NH at room temperature'® and ex-
pectations based on quenching of OH by hydro-
carbons. ¥

Perhaps the most important unlmown quenching
cross section is that for H,O. From our data we can
currently generate a reasonable upper limit. (Fur-
ther measurements and detailed flame modeling are
needed for a more accurate value.) The limit is ob-
tained as follows. We follow kg as far into the bumnt
gases of the Hy,NyO ilame as possible. If the com-
bustion were complete we would have about 50%
H.0 and 50% Nf‘ but we know from preliminary
modeling studies'® that this is not the cass. The
flame contains unburnt fuel, radicals such as H, O,
and OH, and NO at the highest point where we
can measure NH. From Refs. 12 and 14 we know
that N; quenching is so slow that for this purpose
it can be set to zero. For the other species, the og
are unknown; however, assuming they also do not
contribute leads to an upper limit for H;O. The
minimum possible HeO mole fraction in this region
of the flame’* is about 30%. Using this concentra-
tion vields the value og(Hs0) = 17 A? at 2200 K.
This upper limit is consistent with a combination of
room temperature®® and LP/LF™ results for the
polar colliders water and ammonia: at 300 K, og(N’
= 7) for HO is about 35 A%, half the value of 65
A2 for NH;, while at 1400 K, 0 = 26 A® for NH,.
Thus with our estimations of the flame temperature
bydrocarbon and water cross sections, a consistent
set of values for NH quenching contained in Table
1 is emerging.

The rotational level dependence of ko has also
been examined in several flames, at the peak of the
NH concentration where the signal is largest. Ex-
periments at room temperature, both NH emission
Slicwing photodissociation of NH;!2 and direct LIF
decay,'" have shown that o depends on N'. Here,
the initial N’ is varied between 2 and 16. Recall
that some rotational energy transfer occurs, so the
signal is actually a sum of exponentials with slightly
different decay constants; however, the results real-

istically represent the N'-specific dependence. In
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TABLE 1
Cross sections for NH and CH quenching
at high temperatures.

NH(AL) CH(AA) CH(B")

oA TK) oA o) TK)

N, <0.1* 1400 1.4 1300
<T¥ <4 1800

CO, 1.2* 1400 2.1 1300
<4 <4 1800

H,0 <17 2200 <13 <18 1200

*Results of Ref. 14.
'Results of Ref. 24. -~
“Upper limits from this work.

the Hy/N;O, C3Hg/NO, and CH,/N,O flames
we find a consistent, albeit small, decrease in og
with increasing rotation, ranging from 3 to 8% from
N' = 2t 12.

This rotational Jevel dependence is too small to
have meaningful implications for concentration
measurements, but can affect LIF temperature de-
terminations.’! Levels with higher N’ live longer
due to the slower quenching and longer radiative
lifetime.® (The ratio determines the overall quan-
tum yield ®, which increases slightly with N’ in
these flames.) A narrow gate on the peak of the
signal can be used under low-pressure conditions
where the time dependence of the decay is re-
solved to avoid effects of the rotational relaxation,
but st high pressures such time resolution is not
possible. In our flames, the variation from N’ = 2
to 12 is typically only 5%. The effect on the tem-
perature determination is investigated by a simple
calculation assuming all of the Buorescence is de-
tected by a wide boxcar gate. We find that a 5%
variation corresponds to a systematic temperature
error of 120 K at 1800 K, enough to render ques-
tionable some detailed comparisons with flame
chemistry models. Consequently, the effects of ro-
tational level dependent quenching on excitation scan
temperature determinations in NH cannot be com-
pletely ignored.

We can summarize these results for quantum
yields in the A%, state of NH. This radical is
quenched more slowly than CI! (see below) or OH'
in flames, and & is some 50 to 100% larger. As a
guide, we recommend that a general value for the
quenching rate constant of 1 x 107 cm® 5™! should
be used to extract the absolute concentration in N,O-
based flames with ¢ near unity. All of the mea-
surements we performed clustered between +30%
of this value. Interestingly, the values near the peak
of the NH concentration have significantly less vari-
ation. Within 25% of the peak, the ko differ only
by 10% from flame to flame. We are encouraged
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that the collider-specific rate constants describe
quenching in the Hp and CH, flames realistically.
From information on other collider-specific og, we
expect richer flames to have slightly faster rate con-
stants and leaner flames slightly slower. Flames of
NgO diluted by Ny should have slower quenching
in that the N; diluent causes no quenching. In
flames containing NH, and O, NH should be
quenched slightly faster since both of these mole-
cules have large 0o. 2! Such differences perhaps
account for as much as, but no more than, a two-
fold difference in ® and thus the absolute concen-
tration. Differences appear to be greater at low NH
values compared to the signal maximum (see Fig.
2).

Quenching of CH A’A and B3"

In the CH rulical there are three different elec-
tronically excited states which can be conveniently
accessed by LIF in flames. The origin of the elec
tronic transitions to the A%2A, B2Z™, and C2X* lie
« 431, 385 and 314 nm, respectively. (The C*3*
predissociates so rapidly that direct time resolved
measurements on this state are beyond the capa-
bilities of our detection system.) The time evolution
of the A%A state has been observed in low-pressure
acetvlene/oxygen®! and methane/oxygen® flames;
however, the time evolution of the BT~ state has
not been previously investigated.

Here we study both states in flames of CH,,
C3Hs, and CgHg bummg in O, and in ‘12/02 flames
seeded with 10% methane to produce the radical.
The A%A state is also investigated in CHg burning
in N;O flames, but intense flame emission in the
B-X system of the CN radical interfered with the
CH B-X LIF, preventing 2 study of the B2~ state
in that flame. For CH, the rate constants are ob-
tained from the slope of the pressure dependence
of the quenching decay constants, measured at the
peaks of the CH signal; the intercepts correspond
to the radiative rates. Data for five different flames
are shown in Fig. 3.

We consider first the results for the A%A state.
The decay constants in all the hydrocarbon /oxygen
flames have a simi' - pressure dependence, whereas
those for the propane /nitrous oxide flame are
somewhat lower, and those for the hydrogen /ox-
yegen flame seeded with 10% methane higher. These
differences could be due either to differences in
temperature or composition at the position of the
CH signal maxima. The Hy /O, flame is coolest and
C3H;3 /N0 is hottest, with highest and lowest den-
sity, respectively. However, there is also more H,O
(a good quencher) in the former flz ~e and more of
the poor ‘quencher N, in the latter. The data of Fig.
3 are not sufficient to distinguish which is more im-
portant. An average kg for CH(A%A) quenching in
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Fic. 3. Pressure dependence of the decay con-
stants for (a) CH (A’A) and (b) CH (B'X") quench-
ing in the following flames: O, H,;/0, seeded with
CH,; B, CH,/0: ¢ = 1,0, CH,/O; ¢ = 0.66; 8.
CH,/0; ¢ = 1.2, A, C,H,/0, ¢ = 1. A, C,H,/
O, ¢ = 1;@, C,H;/N,O ¢ = 1. The slopes of the
linear least-squares fits to the data for the CH,,
C;H,. and C,H/O, ¢ = 1 flames give the quench-
ing rate constants ko and the intercepts correspond
1o the radiative rates.

all the hydrocarbon /O, flames is obtained from the
slope of a linear least-squares fit to the CH,/O,,
C3Hg /0, 2nd CoH, /0, flame data. The result is
0.77 = 0.04 ps™' Torr™’; using an average flame
temperature of . 300 K, we calculate a rate constant
of 1.4 x 107 em® s,

Sin.lar results have been obtained for the B*E~
state in the oxygen-based flames. From the slope
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of the pressure dependence plot we obtain a rate
constant of 1.3 = 0.14 ps™! Torr™ or, using a flame
temperature of 1800 K, 2.5 X 107° ¢m® s™!. Thus,
under identical flame conditions, the B-state of CH
is quenched about 70% faster than the A-state. This
is in accord with the implications of results of mul-
tiphoton ionization of CH in flames, using the A-
and B-states as resonant intermediates,” and with
atmospheric pressure flame measurements of en-
ergy transfer processes.®

The quenching for both states as a function of
position in the CH,/0; flame is displayed in Fig.
4. These data are representative for this flame, but
for the propane and acetylene flames the decay
constants are unchanging across the entire profile.
(This stands in marked contrast to the results pre-
viously described for NH, Fig. 1.) Because the
temperature change across the flame leads to a
density decrease, this means that the quenching
cross section must be increasing with increasing
temperature. This also contrasts with results for both
OH and NH, but is in accord with collider-specific
measurements on CH(A%A). For four colliders com-
mon to both studies, o measured with LP/LF at
1300 K** were larger than those measured in a
photodissociation /emission experiment at 300 K.

From the data in the H,/0, flame at the peak
CH signal, we obtain upper limits for the H,0
quenching in both the A- and the B-states. The
reasoning is similar to that used for NH. We as-
sume all the other species present have a zero
quenching rate and that H,0O makes up 40-50% of

1.6
- CHy4/02 Flame
5
: 12 b CHB2r " .
2 .
[ Y] o .
Ed

0 4 8 12 18 20
Heght Above Bumer (mm)

Fic. 4. Position dependence of the CH (A%A) and
(B'X") quenching rate constants for a2 methane /ox-
ygen flame. The lower trace is the CH ground state
relative concentration profile. The different symbols
for the quenching data indicate data taken on dif-
ferent davs. The lines are linear least-squares fits
to the data.
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the total gases. This leads to upper limits on the
HsO quenching cross sections of 13 and 18 A2 for
the A- and B-state respectively.

Upper limits for the contributions of Ny and CO,
to the quenching are estimated by adding lmown
amounts of each gas to a propane and oxygen flame
gas mixture. Addition of the gas may cool off the
flame, but we did not measure the temperature for
each flame composition. The greatest effect will be
seen for a constant temperature flame. For both
gases, we see that the quenching at the peak CH
signal decreases significantly with each further ad-
dition. The change is due to the addition of a less
efficient quencher, but counterbalanced somewhat
by the increase in density by cooling. The addition
of CO; may also influence the flame chemistry. Ex-
trapolation of the measured quenching rate con-
stants to 100% added N, or CO; gives an upper
limit to the rate constants for quenching by each
gas. Cross sections derived from these limits using
a temperature of 1800 K are og < 3 A% and < 4
A% for N, for the A- and B-state, respectively, and
0o < 4 A? for CO, for both states. The A-state
cross sections are larger than those measured® at
1300 K: 0g is 1.4 AZ and 2.1 A% for N, and CO,.
No collider specific. quenching cross sections are
available for comparison for the B-state. Table 1
summarizes all of the high temperature cross sec-
tions.

We can use the collider-specific cross sections to
calculate quenching rates for comparison with the
other reported direct decay measurements on A%A
in low-pressure flames. (Disagreement of nearly a
factor of two in a similar comparison in Ref. 5 was
attributed to the estimate of og(H20) used there,
23 A2, being too large.) In a CH,/O, flame at 20
Torr, "5 = 0.8 us™! Torr™! was measured,? agree-
ing with our experimental value of 0.77 ps™ Torr™ L.
Using reported major species concentrations, the
upper limit for oo of H,0, and the og for CO,
CO, and O; from Ref. 14, we calculate 0.91 ps™’
Torr™!. In a C;H, flame at 10 Torr,” k§ = 1.0
us™! Torr™!. Our measured value ss 0.77 in a
somewhat leaner flame; the calculated result is also
0.8 us™! Torr™ 1.

For CH there is also a rotational level depen-
dence of the quenching rate constant. The decay
constants at the peak of the CH signal are mea-
sured as a function of N’. In the CH,/0; flame,
there is no dependence (within +5%) as N’ varies
from 2 to 12. In the C3Hg /O, flame, ko decreases
16 and 18% for the A- and B-states over the same
range of N'; in CyH, /0, the respective decreases
for A and B were 9 and 18%. This variation can
affect temperature measurements'! in the same way
as for NH, although the effects are more severe.
Calculations such as those described for NH indi-
cate a similar amount of error for the same degree
of rotational level dependence of the quenching. For
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CH, there are no meaningful eflects in the meth-
ane flame, but in the propane and acetylene flames,
errors of 200 to 400 K at 2000 K can result. The
direction is the same, that is, the apparent tem-
peratures are larger than the actual due to the in-
creased signal when exciting high rotational levels.

Quantitative LIF measurements of the CH rad-
ical using either the A- or B-state thus turns out to
be easier than initially anticipated. This is due to
the fact that the time decay of the emission does
not change significantly over the entire region of
the flame where the CH is present in detectable
quantities. This is especially important in two-di-
mensional LIF imaging of the CH radical,? for the
intensity pattern may then be directly equated to
a map of relative ground state CH concentration.
From the measurements of the rate constants for
the electronic quenching, we can estimate fluores-
cence quantum yields for the excitation of the two
states. The B-state of CH quenches more rapidly
than the A-state, but its radiative lifetime is shorter,
at about 340 ns compared to the A-state radiative
lifetime of about 540 ns. The two effects almost
cancel, giving essentially the same fluorescence
quantum yield upon excitation of either state. The
selection of the excitation transition will therefore
depend only on the excitation laser and the detec-
tion system.

CH B*X~ — A'A Electronic Energy Transfer

When the B?Z” state of CH is collisionally
quenched, some of the molecules are transferred to
the A%A state from which they then emit. If the
quantum yield for this particular process can be es-
timated accurately, this electronic energy transfer
could be exploited as a useful monitor of CH rad-
icals. Excitation of B and observation of emission
from A could avoid interferences from other flu-
orescers and scattered light, especially where par-
ticulates are present. (A similar scheme involving
excitation of the C?Z* state and observation of
emission from B and A was studied earlier® as a
means of detecting OH and CH with the same laser.)

Electronic energy transfer from the B2Z ™ state
of CH to the A%A state has been observed in at-
mospheric pressure flames® but only under steady
state conditions and averaged over all of the flame
front. Here we have spatially resoived the signals
to investigate the dependence of this energy trans-
fer for different flame ~onditions. Figure 5 shows
the profile of the direcily observed B — X LIF
together with the profile of the collision-induced A
~» X emission following excitation of the B-state in
a C3H;3/0, flame. The profiles are very similar even
though the flame gas composition and temperature
are changing. This strongly suggests that many col-
lision partners cause this electronic energy transfer

C=-7
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CH A24 Cotiision
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Fic. 5. CH (B'X") LIF and CH (A%A) collision-in-
duced emission profiles in a propane /oxygen flame.
Both traces are obtained using excitation of the
B-XR,(7) transition. The upper curve is the CH B-X
LIF profile obtained from observation of the B-X
band. The increase at small height is from laser
scatter off the burmer surface. Observation of the
A-X band under the same excitation conditions yields
the lower curve, evidence for the collisional trans-
fer of CH B-state molecules to the CH A-state.

with approximately equal efficiency, and with little
temperature dependence. Similar resuits are found
for all the hydrocarbon/oxygen flames. Direct ob-
servation of the time dependence of the A — X
emission following excitation of the B-state® cor-
firms this collisional population mechanism, in that
the A — X signal rises with a rate characteristic of
the disappearance of the B-state, and decays at a
slower rate corresponding to the slower A-state
quenching. From Ref. 9, 20% of the collisionally
quenched B-state CH molecules are transferred to
the A-state; our results are consistent with that
measurement.

The similarity of the profiles in Fig. 5, and cor-
responding data for other flames, suggests that the
B — A transfer can be used accurately as 2 monitor
of CH. The rate of this process, like the overall
quenching rates of both states, does not vary greatly
with flame composition or temperature, making its
use in imaging experiments an attractive possibility.
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COMMENTS

L. A Melton. Unic. of Texas, USA. The total
quench rates you have shown vary slowly as a func-
tion of position in the flame. Is this a result of all
flame species having roughly the same quench rates
or of fortuitous averaging?

C-8

Author's Reply. The major species in the flame
have very different quenching rate constants for both
CH and NH. For example. water and propane are
efficient quenchers while nitrogen is inefficient for
both radicals (see Table I for values for N;. H,O,
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and CO,). Also, the temperature (i.e., the density)
is increasing with height above the bumer, result-
ing in changes in the collision frequency.

The major species concentration, quenching rate
constants and temperature all affect the observed
fluorescence decay. However, in general, the decay
constant changes only slightly with height, indicat-
ing that a fortuitous averaging must be occurring.
In most flames the relatively efficient quenching of
the fuel molecules near the burner surface is com-
pensated by the buildup of the combustion product
water further from the burner. The small changes
in the total decay constant mask the dramatic
changes in the contributions from individual major
species. '

K. Schofield, Univ. of California, USA. As sci-
entists we become obsessed with making measure-
ments with as much care and minimal errors as
possible. However, it is always worthwhile to re-
member that flames generally are not a media for
such accurate measurements. Moreover, results often
are obtained for species concentrations that change
by many orders of magnitude and even a factor of
two becomes quite minor when plotted on a loga-
rithmic concentration scale. As a result of your work
and others it appears now that flame electronic
quenching does not vary significantly between sim-
ilar type flames or throughout a flame for numerous
species. In many cases, ignoring quench variations
totally, or not invoking the other experimental
techniques devised to minimize such variations, be-
comes a significant possibility for many applications
especially those aimed at trying to resolve flame
chemistry or test kinetic models. It might be useful
to compare your fully corrected data with that re-
sulting solely from the case in which the raw flu-
orescence data are adjusted solely for the temper-
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ature effects on the pumped level densities. This
would indicate the possible magnitides of error which
might be quite acceptable for certain applications.

Author’s Reply. For many minor species concen-
tration measurements in a flame, this factor of two
accuracy for a given radical is adequate to learn more
about flame chemistry and test kinetic models. For
example, a great deal of chemical insight can often
be obtained by examining the region or slope of the
concentration profile of one reactive intermediate
compared to another. However, for comparison with
quantitative computer models of the flame chem-
istry, temperature must be determined accurately.
Changes of =100 K (<10%) can drastically alter the
chemistry and minor species concentrations at a
given point. A determination with a systematic
temperature error of this degree can preclude
meaningful comparison with models. Understand-
ing the interplay between temperature and minor
species concentrations is important in determining
the level of accuracy required for both.

For 8 particular excited state of a given radical
(OH, CH, and NH) we find the fluorescence quan-
tum yields vary at most £50% from flame to flame
and with position. The largest deviations appear in
regions of relatively low concentrations. Differences
between one radical and another can be much
greater, for example, the quantum yield for NH is
about 5 times greater than that for OH. In most
cases, a difference of this magnitude would be sig-
nificant, and one must know the value for each spe-
cies.

As with most scientific investigations, the re-
searchers must determine what is the accuracy re-
quired to answer the important fundamental or
practical questions. With our current knowledge of
the quenching of diatomic hydride radicals we can
estimate the quantum yield to a factor of two under
almost all experimental conditions.

C-9
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Time-resolved CH (A2A and B2 ™) laser-induced fluorescence
in low pressure hydrocarbon flames

Karen J. Rensberger, Mark J. Dyer, and Richard A. Copeland

Total collisional removal rate constants for the CH A?A and B2Z- electronic states are obtained in low
pressure (<20-Torr) hydrocarbon flames. The B state is consistently removed ~70% faster than the A state.
Variations of £50% are observed for different rotational levels and positions in the flame. For these flames,
A-state emission following excitation of the B state indicates a rapid electronic-to-electranic energy transfer
pathway that is insensitive to collision environment. Upper limits to the collider specific cross sections are
obtained for H;0, N2, and CO;. The CH concentration and temperature profiles are measured and parame-

trized using a unique method.

1. introduction

Laser-induced fluorescence (LIF) is a sensitive, se-
lective, and nonintrusive spectroscopic diagnostic
technique for the detection of minor species in flames.!
Radical intermediates present at relatively low con-
centration (ppm) but with easily accessible electronic
states, such as OH, C,, NH, and CN, are ideal candi-
dates for LIF detection.? The CH radical is inciuded
in those easily studied via LIF; however. unlike OH, its
precise role in the combustion chemistry remains un-
certain due in large part to the lack of knowledge of its
reaction rates at high temperatures. Even though the
importance of the CH radical in the chemistry of com-
bustion has not been verified, CH emission®*® and
LIF6-10 gre often used as diagnostics for regions where
combustion is occurring. CH concentration profiles
are measured via absorption,!!-15 saturated LIF,14-19
and resonance enhanced multiphoton ionization.?0 In
addition, 2-D imaging of CH using LIF has been dem-
onstrated®’ and undoubtably will be applied in practi-
cal combustion systems in the future.

Quantitative LIF concentration measurements of
CH require knowledge of the fluorescence quantum
yield, which depends on both the radiative and colli-
sional processes that occur following electronic excita-
tion.2! The radiative lifetimes and relative vibration-
al band emission strengths are reasonably well
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characterized for the A2A, B2Z-, and C2Z+ electronic
states.2-2 Collisional processes such as quenching
(the total removal from the excited electronic state,
which includes both reaction and energy transfer pro-
cesses, that change the CH electronic state) and rota-
tional energy transfer are understood to a lesser de-
gree. Recently, several studies have examined these
important collisional processes for the A%A and B2Z-
electronic states in atmospheric pressure flames?* and
for the A2A state in low pressure flames.89-14-16 In
addition to the flame studies, the collisional removal
rates of the A%A electronic state have been measured at
room temperature?®-3 and 1300 K.

In this work, we examine the collisional energy
transfer of the A%A and B2~ states by direct measure-
ment of the time dependence of the LIF in several low
pressure premixed flat flames. From the direct obser-
vation of the fluorescence decay, we measure the fluo-
rescence quantum yields needed for quantitative CH
measurements and estimate upper limits for the colli-
sional quenching rates for several key colliders.?!
Both the major species concentrations and the tem-
perature vary across the flame front in the combustion
environment; these can alter the observed decay and
change the fluorescence quantum yield. A quantita-
tive understanding of the collisional quenching of CH
by various species in the flame permits extension of
these measurements to flames where the time depen-
dence cannot be observed, such as in high pressure
turbulent flow systems.

Rotational level effects of quenching in the flames
are also examined. Inrecent state-specific room-tem-
perature flow-cell studies of two simple hydrides,
OH(A2Z+) and NH(A4%1)), a significant decrease in the
electronic quenching rates with increasing rotational
level in the excited state is observed for most co-
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liders.32-3 Will this effect persist in the flame envi-
ronment? To address this question, we evaluate the
quantum state selectivity of the fluorescence quantum
yield for different excited rotational levels and assess
itseffect on LIF diagnostics at high temperatures. We
find a small but measurable decrease in the quenching
rate constants as the rotational quantum number in-
creases in several flames.

During this study we examined the electronic-to-
electronic energy transfer from the B state of CH to the
A state. This iearly isoenergetic transfer has been
observed in atmospheric pressure flames.2?” We inves-
tigated this interesting dynamic process in several dif-
ferent flames to test its applicability as a sensitive
versatile diagnostic technique.

The CH radical ground state concentration profiles
and CH rotational temperatures are obtained for sev-
eral of the flames. Preliminary attempts to parame-
trize the radical and temperature profiles are present-
ed to simplify presentation of the data and allow for a
straightforward comparison to other flames. These
methods, while only discussed briefly here, will be the
basis for a more complete description of the parametri-
zation method.3’

These flame measurements are of both practical
interest in quantitative diagnostics of the CH radical
by LIF in combustion systeras and fundamental inter-
est in the collision dynamics of radicals at high tem-
perature. The attempts to unravel the details of the
collisional energy transfer in both CH electronic states
are aided by a judicious choice of flames and pressures
in this unique collision environment where collisions of
relatively large kinetic energy are sampled.

i. Experimental Approach

The LIF signal in flame experiments is affected by
the temperature, collision environment, excitation
transition, and optical detection system. These prop-
erties of the system can affect both the precision and
accuracy of LIF concentration measurements; howev-
er, seldom are they examined in a systematic and well-
controlled manner.

Low pressure flames have several distinct advan-
tages over atmospheric pressure flames for such a
study. Inlow pressure flames, the combustion region
is expanded to several millimeters when the pressure is
kept below 50 Torr. At these pressures, fluorescence
decays persist after the laser light pulse and may be
measured at different locations across the flame pro-
file. This detailed position and time information are
difficult to obtain at high pressures with conventional
LIF methods. Most of the information obtained from
the low pressure studies with insight can be extended
to high pressure diagnostic studies.

In this experiment, we choose the CH radical as a
test case to examine these effects in the controlled
environment of a low pressure flame. Various flames
are examined to sort out many of the complications in
LIF measurements. Since this work is the first in a
series of such experiments, we will describe the appa-
ratus in detail.
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A. Apparatus

The LIF experimental apparatus shown in Fig. 1 can
be conveniently divided into three parts: the low pres-
sure burner system, the excitation laser, and the fluo-
rescence detection system.

The low pressure burner system is composed of a
vacuum chamber with the associated electronic, me-
chanical, and optical components for positioning and
probing in the low pressure environment. The burner
is a McKenna Products flat-flame porous-plug burner
6 cm in diameter. An inert gas often flows through a
shroud surrounding the burner to create a well-con-
trolled interface between the flame and the residual
gases in the chamber. The burner and exhaust mani-
fold are water cooled to maintain safe operating tem-
peratures for all the components. Fine metering
valves control and calibrated mass flow meters moni-
tor the flow of the gases. The pressure is measured
with a Wallace and Tiernen 200-Torr gauge and com-
pared with a 1000-Torr Baratron pressure gauge. The
burner can be positioned via three dc motors mounted
in the vacuum chamber, and the position of the burner
can be read out via potentiometers thai are mounted
on all the translation components. We have examined
both the accuracy and hysteresis of the vertical drive
and find that the relative position can be measured to
~100 um when approaching from one direction and
~200 um when scanning in both directions. This reso-
lution is sufficient for these studies with a laser beam
diameter a factor of ~3-5 larger. Both the intensity
and position of the LIF signal profiles are reproducible
over several hours and from day to day.

The flames for most of the studies are hydrocarbon/
oxygen flames with a fuel equivalence ratio ¢ near one
and vary in pressure between 5 and 20 Torr. The total
flows of fuel, oxidizer, and shroud for each flame (1)-
(7) are given in Table 1. Also listed is the pressure
range over which the measurements are obtained. For
two flames not listed, extra nitrogen or carbon dioxide
is added to a propane/oxygen flame to measure the CH
quenching in different conditions. Major species pro-
files have not been measured. Measured temperature
profiles using CH, CN, and NH excitation scans are
brief;y described below and in a subsequent publica-
tion.38

The excitation laser is a pulsed excimer-pumped dye
laser (~15 ns, ~0.3 cm™!) that excites the CH radicals
from the X2I1 ground state to a specific level (v',J'.N’)
in either the A2A or B2Z~ excited electronic state.
QUI dye dissolved in dioxane and coumarin 120 dye
dissolved in methanol generate light near 390 and 430
nm for the B and A states, respectively. An aperture
limits the diameter of the excitation beam to be <1 mm
as it traverses the flame. The optical transitions are
easily saturated; thus a beam splitter and filters atten-
uate the laser beam power to minimize scattered light
signals. For the temperature measurements, we at-
tenuate the beam so that the LIF signal is linearly
proportional to the laser power. For the time depen-
dence measurements described below, the linearity of
the signal with laser power is less critical, and often we
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Fig. 1. Schematic of the LIF low pressure burner apparatus.

use more laser power. The laser wavelength can be
controlled through an interface to the laboratory com-
puter.

A two-lens system collects the CH LIF and focuses
the light onto the entrance slit of a wide bandpass
monochromator or filter. As discussed below, these
measurements require a detection system with a re-
sponse which is relatively uniform over the fluores-
cence region of the band under investigation. A small
monochromator (Spex, Minimate-1) with an entrance
slit of 0.4 mm and an exit slit of 10 mm is used in the
quenching measurements. This arrangement trans-
mits a bandpass that is relatively flat across its peak
response for 10 nm. For both the A and B states,
fluorescence from the upper electronic state rotational
levels of >10 is attenuated with this system. Forsome
of the CH B-state quenching measurements, only a
filter (Corion, S40-400-S, incident angle of 15°) is used.
Angle tuning of the interference filter permits selec-
tion of the appropriate wavelength range. For all the
temperature measurements, a Jarrell-Ash monochro-
mator with entrance slits of 500 um and exit slits of 4
mm transmits a 20-nm bandpass, which is wide enough
to detect the entire band. A 1P28 photomultiplier
tube monitors the transmitted light, and its output is
amplified and captured using either a transient digitiz-
er (100 Msample s~!) or a boxcar integrator witha 1-us
gate. With this detection system, lifetimes as short as
50 ns can be accurately measured. A CAMAC-based
laboratory computer controls the detection electron-
ics.

D=3

Tabis .. ieme Conditions for the Obeervation of the CH Radical
Flow rates® Pressure

Flame Fuel Oxidizer N, Shroud range (Torr) ¢°
(1) CH,/0, 0.55 1.05 0.4 5-10 1.0
(2) CH,/0. 0.55 1.68 0.9 4-10 0.66
(3) CH,/0, 0.65 1.05 0.8 7 1.2
(4) C:Hes/O, 0.21 1.05 0.9 6-13 0.98
(5) C:H./0, 0.5 1.3 0.5 37 1.0
(6) Ho/CH/0, 23,0.1 1.3 0.6 5-11 1.0
(7) C3He/N,O 0.2 20 0.5 8-15 1.0

¢ Units of standard liters per minute.
b Fuel equivalence ratio.

B. Spectroscopy and Data Analysis

The CH A2A-X?II transition near 430 nm and the
B23--X2[1 transition near 390 nm can both be used for
CH LIF measurements. The X2II, A?A, and B2Z~
electronic states are similar in that they all have an
electronic spin of one-half; however, the electron orbit-
al angular momenta of the states differ. All three
states have two different spin-orbit rotational mani-
folds labeled F; and F;, and the X- and A-state rota-
tional levels are also split by A-doubling. The line
positions, labeling of A-doublet components, and as-
signments are taken from Ref. 39. Often the fine
structure is resolved in excitation scans by the laser
light, but in most cases, it only plays a very minor role
in the phenomena in this study and can be safely
neglected.
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The laser light excites the moleculer to a single rota-
tional level in the excited state, and we observe the
temporal evolution of the resulting fluorescence. The
decay of the fluorescence is affected by electronic,
vibrational, and rotational energy transfer, which oc-
cur simultaneously. In the hydrides, OH, NH, and
CH, partial rotational equilibration within a vibration-
al state is achieved prior to electronic quenching.
Thus the observed total fluorescence following excita-
tion of one level is composed of the fluorescence from
many different levels. However, if all rotational levels
are observed with equal sensitivity, many complica-
tions arising from the rotational level dependence of
the radiative lifetime, the rotational energy transfer
rate, and the quenching can be eliminated. The rota-
tional dependence of the radiative lifetime is small and
well characterized.?* However, the rotational depen-
dence of the quenching at flame temperatures is un-
known for most colliders; OH and NH show dramatic
changes with most colliders at room temperature.32-3
The observed decay of the fluorescence is a combina-
tion of many exponentials similar in magnitude. We
choose to fit all the time-dependent data from 90 to
10% of the peak of the signal to a single exponential.
We call this the decay constant 7~1, which is the sum of
the radiative rate 7;* and the collisional rate Q, where
the quantities are the average values for the average
rotational distributions occurring between 90 and 10%
of the peak signal and will be specific to the initially
excited rotational level. The limits of 90~10% are
somewhat arbitrary but are selected to minimize the
effects of scattered laser light at early times and mini-
mize the effects of rotational energy transfer at later
times.

Figure 2 shows a typical time dependence of the
fluorescence signal obtained when exciting the over-
lapped fine structure components of the P(7) rotation-
al line of the A2A-X2I1 (0,0) electronic transition in a
6.7-Torr propane/oxygen flame (flame 4). Typically
the signals from 100 to 2000 laser pulses are summed to
obtain the time-dependent signals. The squares are
the data points, while the line is the best single expo-
nential fit to the data from 90 to 10% of the peak value.
This fit gives a decay constant of 6.37 us~!, which
corresponds to a fluorescence lifetime of 157 ns. Little
deviation is seen between the best fit single exponen-
tial and the experimental data, suggesting that the
single exponential description is adequate.

The decay constants are related to the fluorescence
quantum yield ¢ by the relationship

= lrm e e 4 Q)L (1)

Since the collisional rate @ depends directly on the
number of colliders, the fluorescence quantum yield
decreases at higher pressures. The collisional rate @ is
the product of the quenching rate constant k§ and the
pressure, where the superscript P indicates a rate con-
stant in units of (us~! Torr™1), or equivalently Q is the
product of the quenching rate constant kg and the
density n, where kg is in units of cm3s~!. This nota-
tion will be used throughout this paper. Transforma-

APPLIED OPTICS / Vol. 27, No. 17 / 1 September 1988
Dels

3882

CH AZA LIF intensity

Fig. 2. Typical time dependence of the fluorescence signal
(squares) and single exponential fit (line).

tion of the experimentally derived kf into the more
fundamental kg requires a temperature measurement
to convert from pressures to densities. Extraction of
collision cross sections from the rate constants also
requires a temperature measurement as well as the
reduced mass of the collision pair. The thermally
averaged cross section o is defined from kq = o¢ (v),
where (v) is the average relative collision velocity
[(v) = (8kT/xu)12].

M. Results

A. CH A%2A and BRZ~ Quenching

In these experiments, we measure decay constants
for CH (A2A and B?Z-) quenching in the flames listed
in Table I. We survey several hydrocarbon/oxygen
flames, a propane/nitrous oxide flame, and a hydro-
gen/oxygen flame seeded with a small amount of meth-
ane. We make the measurements at the peak CH LIF
signal and vary the pressure and excitation transition
and also examine different positions across the CH
concentration profile. For all these flames, which
have a variety of collision partners and temperatures,
the quenching varies by <50% for different flames,
positions, and excitation transitions when a compari-
son for one electronic state at the same pressure is
made.

The average rate constant for CH A-state quenching
is obtained from the pressure dependence of the CH A-
state quenching decay constants. The data for five
flames taken at the peak CH signal for each flame is
shownin Fig. 3(a). The decay constants for the hydro-
carbon/oxygen flames have the same pressure depen-
dence, whereas those for the hotter propane/nitrous
oxide flame (flame 7) are somewhat slower and those
for the cooler hydrogen/oxygen flame seeded with 10%
methane (flame 6) are faster. We take the rate con-
stant for CH A-state quenching to be the slope of the
linear least-squares fit to the methane/oxygen, pro-
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Fig. 3. Pressure dependence of the decay constants for (a)
CH(A?A) and (b) CH(B?Z") quenching in the following flames: O,
H-_)/Oz seeded with CH,: 8, CH4/03, ¢ =1;0,CH,/0; ¢ = 0.66; 3,
CH./03,0=1.2; 4,CoH2/05,0 = 1; A,C3Hg/0p, ¢ = 1; @, C3Hs, N2O
¢ = 1. The slopes of the linear least-squares fits to the data for the
CH,, C:H;, and C3Ha/01, ¢ = 1 flames give the quenching rate
constants ks, and the intercepts correspond to the radiative rates.

pane/oxygen, and acetylene/oxygen flames data,
which is k = 0.77 + 0.04 us~! Torr~! or, using an
average flame temperature of 1800 K, is kQ = (144 %
0.18) X 10~ cm3 s~!. The uncertainties given above
and throughout are two statistical standard devi-
ations.

The pressure dependence of the CH B-state quench-
ing decay constants for seven flames taken at the peak
CH signal for each flame is shown in Fig. 3(b). The
decay constants for the hydrogen/oxygen flame seeded
with 5% methane are again higher than those for the
hydrocarbon/oxygen flames. At higher pressures, the
lean methane/oxygen flame decay constants are some-

a® * -
- x
=+ CaHy/O2 Flame  — 1500 E
3 P=67Torr =096 E
- 8}
- . -
- i g o - 1000
5§ 7 . |
5%
i
23
] R N B
0 4 8 12 16
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Fig. 4. Summary of CH data obtained in a 6.7-Torr propane/
oxygen flame. The bottom curve is the CH ground state relative
concentration profile. The line through the curve is the two Gauss-
ian fit. The increase near the burner surface is due to laser light
scattered off the burner surface. The open boxes are the CH(BZ-)
decay constants (left vertical axis), and the solid boxes are the CH
rotational temperatures (right vertical axis) as functions of position.
The lines through the data points are linear and exponential fits to
the data as described in the text.

what below the rest. Attempts io weasure CH B-state
decay constants in a propane/nitrous oxide flame were
unsuccessful, as CN B-X emission in the same wave-
length region interfered with the CH B-X LIF detec-
tion. The rate constant for CH B-state quenching is
taken to be the slope of the linear least-squares fit to
the methane/oxygen, propane/oxygen, and acetylene/
oxygen flames decay constants and is k =132+£0.14
us~! Torr~! or, using a flame temperature of 1800 K, is
kg =(2.47 £ 0.38) X 10~9cm?s~!. Ingeneral, the CH
B state is quenched 70% faster than the CH A state in
these flames.

In the flame environment, both the temperature and
major species concentrations vary greatly across the
CH profile. We investigate what effect this has on the
quenching and thus the fluorescence quantum yield by
measuring decay constants at different regions in each
flame. Figure 4 shows the decay constants +~! as a
function of height above the burner for a propane/
oxygen flame. For CH we find that the fluorescence
decays are relatively constant over the flame profiles
for all the flames, giving quantum yields that are al-
most independer.t of position. For example, the pro-
pane/oxygen flame shown in Fig. 4 has a quantum yield
that is constant at 0.28 across the flame profile. The
data for a methane/oxygen flame shown in Fig. 5 show
a slight increase in the quenching for both states. For
this flame, the quantum yield changes from 0.30t00.25
across the flame. For all the flames, the quantum
yields for the A state are similar to those for the Bstate.
Even though the quenching is less in the A state, the
natural radiative rate is also slower. To facilitate a
comparison of the quenching for different flames and
both electronic states, we report in Table II the slope
and intercept of the pressure independent total remov-
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Fig.5. Position dependence of the CH(A%A) and (B2Z~) quenching
rate constants k{, for a methane/oxygen flame. The lower trace is
the CH ground state relative concentration profile. The different
symbols for the quenching data indicate data taken on different
days. The lines are linear least-squares fits to the data.

al rate constant kP vs height above the burner surface,
as given by the equatxon

kG = k§(0) + kfx, $3)

where x is the height above the burner, k5(0) is the rate
constant extrapolated to the burner surface, and k” is
the change in the rate constant with height. The
parametrized form can be used to calculate fluores-
cence quantum yields for a given pressure, tempera-
ture, and position in similar low pressure flames for the
conversion of LIF profiles to radical profiles (see be-
low). Welater describe use of these data to obtain the
quenching rate constants kq and collision cross sec-
tions.

All the results presented thus far have been for one
excited rotational level, but several rotational levels
must be used for excitation scans for temperatures.
We measure the rotational level dependence of the
quenching by recording the time evolution of the signal
following excitation of different rotational levels at the
position of the peak CH signal. Data for the CH A-
and B-state quenching for acetylene/oxygen flames are
shown in Fig. 6, where N’ is the initially excited rota-
tional level. We find that the quenching decay con-
stants do not vary significantly (15%) over rotational
levels N” = 2-13, in contrast to the strong dependence
shown by OH and NH at room temperature.32-% This

20
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Fig. 6. Rotational level dependence of the CH(A2A) and (B?Z-)
quenching rate constants k§, in acetylene/oxygen flames. The dif-

ferent symbols indicate data taken on different days. The lines are
linear least-squares fits to the data.

dependence is similar to that for OH and NH seen in
other flame experiments in this laboratory.4%4! Data
for rotational levels N’ = 12 and 13 should be consid-
ered with caution, as fluorescence from these levels is
attenuated by the detection system; however, from the
lower rotational levels, the trend is clear.

Table III contains a summary of the rotational level
dependence for all the flames. The data are presented
in a fashion similar to the posmon dependence as an
intercept and slope for a fit of k vs initially excited
rotational level. The methane/oxygen flame quench-
ing shows essentially no dependence on rotational lev-
el, while the propane/oxygen and acetylene/oxygen
show a slight dependence. The small change we ob-
serve has a minimal impact on concentration measure-
ments, but it can affect temperature measurements as
discussed below.

B. Electronic Energy Transfer from B2Z~ to A?A

One of the pathways for the quenching of the B state
is by electronic-to-electronic energy transfer to the A
state, as evidenced by collision-induced emission from
the A state after B-state excitation. Figure 7 shows
the time dependence of the wavelength-resolved LIF
following excitation of the @,(8) rotational line of the
B-X (0,0) electronic transition in a 6.5-Torr methane/
oxygen flame (flame 1). The upper curve is the time
dependence of the fluorescence at 3906 A (B-state
fluorescence), while the lower curve is that at 4312 A
(A-state fluorescence). The temporal evolution of the
LIF at the two wavelengths is clearly different. The
B-state fluorescence shows a single exponential decay

Table il. Distance Dependence of the Totai Removal Rate Constent k>

CHB CHA
k5(0) k? kE(0) %4
Flame (us~! Torr™") (us~! Torr- I mm-™1) (us~! Torr~1) (us~! Torr~! mm™1)
(1) CH,/0, 0.95 + 0.02 0.014 £ 0.002 0.610 £ 0.007 0.009 £ 0.001
(4) C3Hy/0, 1.08 + 0.03 =0.003 £ 0.004 0.700 £+ 0.020 0.000 + 0.003
(5) C,H,/0, 1.05 £ 0.02 =0.003 £ 0.007 0.720 + 0.020 0.003 £ 0.006
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Tabie Nl ummnwumrmnom-mmmAf,nmmunncnml

CHB CHA
Intercept Slope Intercept Slope
Flame (us~! Torr™!) (us~! Torr-!) (us~! Torr™1) (us~! Torr-1)
(1) CH/0, 1.07 £ 0.02 0.000 % 0.002 0.706 £ 0.008  —0.007  0.001
(4) C;Hy/O, 1.38 £ 0.07 —0.033  0.008 0.833£0.027  —0.017 £ 0.003
(5) C,H,/0, 1.26 £ 0.02 -0.029 & 0.002 0.800 £ 0.010  —0.010 + 0.001
the collision-induced emission is between 30 and 50%
L CHy/O2 Flame gf the CH B-state ls)ign:ll; We did not calibrate the
Pe65Tomr oot etector response, but the ratio of electronic energy
i wm;:‘x (0':’ 8 transfer to quenching was found to be ~0.2 in an atmo-
R Aax = 3905.90 spheric pressure flame.2’” The major species concen-
trations in the flame change over this region, but that
- change does not result in a significant change in the
Observing B-X (0.0) relative amount of signal.42
B Acbs = 3906 A
i C. Temperature and CH Profiles
Temperature profiles are needed to extract rate con-
stants and cross sections for collisional quenching from
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E
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Fig. 7. Time dependence of the CH fluorescence following excita-

tion of the B2Z-X?I1 (0,0) @8 transition. The upper curve is

obtained observing only B-X fluorescence, while the lower curve is
observing only A-X fluorescence.

corresponding to depopulation of the B2Z- electronic
state in collisions with the flame gases that is signifi-
cantly faster than the decay of the A?A state for the
same flame conditions. The A-state fluorescence
arises from electronic energy transfer from the B state
to the A state as observed in the atmospheric pressure
flame in Ref. 27. The two exponentials of the A-state
fluorescence signal reflect the rapid collisional popula-
tion of the A state from the B state and the slower
collisional removal of the A state. A single exponen-
tial fit for the upper curve from 90 to 10% of the peak
value yields a CH B-state quenching decay constant of
9.5 us~1, corresponding to a fluorescence lifetime of 105
ns.

A comparison of profiles of the collision-induced
emission for each flame to the B-state LIF profiles
shows a slight variation between flames, but the size of

the measured decay constants and are also needed to
obtain the ground state CH concentrations from the
observed LIF signal intensity. A complete discussion
of the method we use to extract temperatures from LIF
czsitation ecanc will be given in a subsequent publica-
tion.3® We perform excitation scans over a spectral
region that contains both low and high rotational levels
and fit the spectrum to a synthesized spectrum using
known wavelengths and line strengths and using a
Gaussian shape linewidth and the temperature as vari-
ables. Excitation scans are taken using the B2Z--
X211 or the A2A-X?11 electronic transitions. (Exam-
ples of the data and fits can be found in Ref. 38.) Asa
consistency test, we compare the results for the tem-
peratures obtained from CH excitation scans to those
from NH and CN excitation scans for the same flame, a
rich propane/nitrous oxide flame. The NH and CN
spectra are fit in a similar fashion as the CH spectra
and all agree to within 200 K of each other. We have
observed a systematic trend in which the temperatures
from CH B scans are 100-200 K lower than those from
CH A scans but currently have no explanation.3?
Rather than graphically presenting the experimen-
tal data points as a function of position for all the
flames studied, we choose to use a simple algebraic
formula to parametrize the measurements so that they
can be easily tabulated.3”3® An example of the data
and the fit is shown in Fig. 4 for a propane/oxygen
flame: we fit the data points obtained using A- and B-
state excitation scans to the exponential equation

T =Ty + T, exp(—az). &)

The baseline temperature T is the temperature ex-
trapolated out to the burnt gases. The parameters for
all the flames are given in Table IV. As can be seen in
Fig. 4, alinear function, such as used for the quenching,
does not reproduce the shape of the temperature pro-
file. These parameters adequately characterize the
temperature over the region of significant CH concen-
tration; however, using the equation to extrapolate
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1tside the experimental range should not be attempt-
] (as negative values at x = 0 indicate). The tem-
sratures at the peak of the CH signal are close to the
g value. The baseline temperatures for the hydro-
irbon flames are quite similar, reaching values near
300 K, while the hydrogen/oxygen flame is much cool-
, reaching only 1200 K. The propane/nitrous oxide
ame is significantly hotter (2500 K), possibly because
sits higher off the cooled burner element.

To monitor the distribution of the CH concentration
. the flame, we obtain CH LIF signal profiles as a
inction of height above the burner surface. The
aximum of the CH concentration appears in the
ime front and lies relatively close to the burner sur-
ce. The position of the burner surface is determined
om where laser scatter starts to be seen in the profile.
 most cases a 500-um laser beam radius is used.

The LIF signal profiles can be directly related to the
H ground state concentration profiles by applying
veral corrections. First, since the fluorescence is
llected perpendicular to the laser beam, near the
irner surface some of the light is obscured by the
irner, and the profiles must be corrected for the
:ange in the amount of light getting to the detector.43
ne correction factor as a functior of burner height
n be calculated using geometry. Another correction
r the change in population of the rotational level
cited in the ground state with temperature can be
plied using the parametrized temperatures given
ove. This can be minimal with an appropriate
oice of excited rotational level. We chose to excite
»m the N” = 7 level, as its relative population does
it change significantly for large changes in tempera-
re through the flame front. For all the profiles
ported, the temperature correction is negligible.
The effect of the fluorescence quantum yield on the
ofiles depends op how the signal is collected. If the
tire time evolution of the fluorescence is captured
th a long boxcar gate, the observed profile must be
vided by the position dependence of the fluorescence
iantum yield as given above. However, if a very
ort gate (10 ns) is used at early times in the fluores-
nce decay, the population is not significantly re-
ced by quenching. Changes in the fluorescence
antum yield arising from differences in quenching
te constants across the flame profile will be small,
d a constant fluorescence quantum yield can be
ed. For most of the profiles we report, we use a gate
at integrates over the entire time dependence, and,
erefore, the position dependence of the quantum

able IV. Parameters Describing the Temperature Profile in Several

Flames

Pressure

Flame TwlK) T (K) afmm™!) (Torr)
y CH,/0. 1856 -962 0.197 7.0
It C H«/O: 1788 -2545 0.722 6.7
1)) C-H./0: 1718 —854 0.402 6.4
i H./CH,./O. 1227 -3128 0.898 10.6
) C.HJUNSO 2576 -2473 0.265 14.3
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yield is used. However, our data on the position de-
pendence of the quenching show that only for the
methane/oxygen flame is there noticeable change in
the quenching with position.

The accurate reproduction of radical profiles by
flame models is an important test of their ability to
predict the chemistry occurring throughout the flame.
The temperature profiles from Table IV and the pres-
sures and flow rates from Table I are necessary input
data to the current models. We have selected a meth-
od of presenting our CH ground state concentration
profiles whereby representative profiles can be repro-
duced for comparison with other experimental and
modeling profiles. Qur parametrization has six inde-
pendent variables and well represents the shape of the
CH profiles. Simpler forms may be applicable; how-
ever, this form is the best we have found to date.3” The
parametrization consists of fitting the profile to an
equation, which adequately reproduces the profiles:

N = N, exp[~a,(x — d})?] + N, exp[—ay,(x — d,)*]. 4)

This equation is the sum of two independent Gaussian
functions. The parameters for all the flames studied
are given in Table V. Each profile has been scaled to
have a maximum peak of 1000 units. Figure 4 shows a
two Gaussian fit to the CH concentration profile ob-
tained in a propane/oxygen flame. Inanumber of the
CH profiles with scattered laser light, the fit is restrict-
ed to distances >1 mm above the burner surface. "’he
above representation, although reasonably accurate,
does not make for an easy comparison from one flame
to another using the parameter values. Qualitatively,
the C;Hy/0, profile peaks significantly closer to the
burner (~2.5 mm) with the CH,/0; peaking the far-
thest at ~3 mm. The width of the profile generally
correlates with the distance above the burner in that
the higher the CH radical is produced, the wider the
profile. A more quantitative description of these fea-
tures can be found in a subsequent publication.3

IV. Rate Constants and Collider-Specific Cross Sections

A. Estimates of Cross Sections for Quenching

The rate constants ks show an unexpected indepen-
dernce with position in the flame as given in Table II.
However, a closer examination of the underlyving colli-
sion dynamics reveals that this independence actually
results from two things: both the collision cross sec-
tion and the temperature increase with distance above

Table V. Parameters of a Two Gsussian Fit Used to Reproduce the CH
Ground State Concentration Proflie®

a) d1 an d_' Pressure
Flame N, (mm™Y) (mm) N. tmm~!") (mm) (Torr)
«1) CH,/0, 841 0.083 879 227 0.246 10.11 7.0

(4) C.He/O;, 714 0.141 499 343 0075 7.22 6.7
(5) C.H,/O: 551 1.200 1.79 506 0.268 266 6.4
(6) H./CH,O, 559 v.374 441 477 0121 512 106

¢ All data normalized to give a maximum value of 1000 in arbitrary
units,
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Fig.8. Position dependence of the quenching rate constants k¢ for
CH(A?A) and (B2Z-) in a methane/oxygen flame. The data and
lines are caiculated using the temperature profile tabulated in Table
IV and the quenching rate constants ks shown in Fig. 5.

the burner. Over the flame profile, the pressure re-
mains constant, but as the temperature increases, the
density and collision frequency decrease. By convert-
ing the measured ks to kg using our temperature pro-
files, we remove the effect of the changing density and
can compare quenching at different temperatures and
flame gases. Figure 8 shows the data for a methane/
oxygen flame that has been corrected for the changing
density.

We use the parametrized form for the temperature
profile as given in Table IV. The rate constants in-
crease slightly moving from the burner surface toward
the burnt gases. Further reduction of the data to a
collision cross section requires an approximation on
the reduced mass of the collision pair g, which is need-
ed to estimate the average relative collision velocity
(v). Assuming u changes only slightly, the cross sec-
tions increase but to a lesser extent than the rate
constants, moving from the burner to the burnt gases.

Perhaps the most important unknown collider spe-
cific quenching cross section is that for H,0. We
measure the total removal rate constant for the A state
in the Hy/0, flame with a small amount of CH, to be
0.86 us~! Torr~!. From our data we can currently
generate a reasonable upper limit for water. (Further
measurements and detailed flame modeling are need-
ed for a more accurate value.) The limit is obtained
using this reasoning. We have measured the value of
the remnva!l at the peak of a Hy/O; flame with small
quantities of CH,. We assume, albeit incorrectly but
accurately for a limit, that all the other species do not
cuntribute to the quenching at that point. From typi-
cal models of this flame*! we assume H;0 makes up
40-50% of the total gases. This leads to upper limits
on the H,0 quenching cross section of 13 and 18 A for
the A and B state, respectively. Interestingly, this
upper limit is significantly below the best estimate
{equal to the NH; quenching value) made for CH pre-
viously.?!

Upper limits for the contributions of N; and CO; to
the quenching are estimated by adding known
amounts of each gas to a C3Ha/O, flame. The addition
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Fig. 9. Dependence of the quenching rate constants k"; for
CH(B*ZX-)in a propane/oxygen flame with added nitrogen. A mole
fraction of 0.72 approximates a propane/air flame. The line is a
linear least-squares fit to the data, and the intercept at a mole
fraction of 1.0 gives the upper limit of the rate constant for quench-
ing by nitrogen.

of the gas may cool off the flame, but we did not
measure the temperature for each flame composition.
The greatest effect on the quenching will be seen for a
constant temperature flame. For both gases, we see
that the quenching at the peak CH signal decreases
significantly with each further addition of N; or COa,.
The change is due to the addition of a less efficient
quencher but counterbalanced somewhat by the in-
crease in density by cooling. Figure 9 shows the influ-
ence ¢i the addition of N, on tha fluorescence decay of
the B state. The addition of CO; may also influence
the flame chemistry by creating more CO, which is a
more rapid quencher than C0,.3! Extrapolation of
the measured quenching rate constants to 100% added
N, or CO, gives an upper limix to the rate constants for
quenching by each gas. Cr.as sections derived using a
temperature of 1800 K are g < 3 A2and < 4 A2for N,
for the A and B states, respectively, and og < 4 A2 for
CO; for both states. The A-state cross section limits
are larger than the values3! at 1300 K: ogis1.4and 2.1
A2 for Ny and CO;. This is consistent with the upper
limits given above. No collider-specific quenching
cross sections are available for comparison for the B
state. Our data show that these species are not very
efficient quenchers for this state.

B. Comparison with Other Studies

The A2A state has been examined via time-resolved
LIF in two other studies botl. in low pressure acety-
lene/oxygen!? and methane/oxygen® flames; however,
the time evolution of the B2X- state has not been
previously investigated. We can use the collider-spe-
cific cross sections to calculate quenching rates for
comparison to the other reported direct me: sure-
ments. Disagreement ot nearly a factor of 2 in a simi-
lar comparison in Ref. 21 can be attributed to their
estimate of og(H20) from the cross section for quench-
ing by ammonia. The value used for H,0 was a factor
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of ~2 greater than the upper limit determined in this
work. Cattolica et al.8 in a CH,/O, flame at 20 Torr
measured a rate constant of 0.8 us™! Torr~!, agreeing
with our expe-imental value for the A state of 0.77 us~!
Torr-!. Using reported major species concentrations,
the upper limit for H,0, and the g for CO, COy, and O,
from Ref. 31, we calculate 8 maximum value of 0.9 us™!
Torr-!. In a CyHy/0O; flame at 10 Torr, Kohse-
Hoeinghaus et al.1’-1® measure 1.0 us~! Torr~!. Our
measured value is 0.77 in a somewhat leaner flame; the
calculated result is also 0.8 us~! Torr~1.

The comparisons presented above are encouraging.
From the above discussion and similar comparisons for
the OH radical in Ref. 21, and with knowledge of the
major species concentration and temperature, fluores-
cence quantum yields for CH A-state LIF can be esti-
mated to about £25%. This is a significant improve-
ment over the factor of 2 estimates for CH from two
years ago.?!

We believe the B-state measurements also provide a
consistent picture; however, we know of no other flame
data for direct comparison. Qur measurements di-
rectly confirm other indirect measurements in atmo-
spheric pressure flames20-?7 that the B state of CH does
quexch significantly faster than the A state. For a
wide variety of flames we observe a 70% faster rate in B
than A.

V. implications for CH Diagnostics

Quantitative measurement of CH using the A or B
states may turn out to be much easier than initially
_anticipated. The time decay of the fluorescence does
not change significantly over the entire region of the
flame where the CH is present. This means that &
single value of the fluorescence quantum yield can be
used for most applications that do not make stringent
requirements on the accuracy of greater than ~25%.
But this also means that the fluorescence quantum
yield is independent of the temperature, and a correc-
tion for the temperature, which in most circumstances
would be required when using a constant cross section
(as in the case of NH% and OH*¢!), would reduce the
accuracy of the CH profile for all the flames examined
in this study.

From the measurements of the rate constants for
electronic quenching of the A and B states of CH, we
can estimate the fluorescence quantum yield for exci-
tation of the two states. The B state of CH quenches
more rapidly than the A state by ~70%; however, the
B-state lifetime is ~340 ns, which is ~60% shorter than
the A-state radiative lifetime of ~540 ns. The two
effects almost entirely cancel, making, for example, a
fluorescence quantum yield of ~10% in a 20-Torr hy-
drocarbon/oxygen flame for the Bstate and 11% for the
Astate. Inalmostall applications, such a small differ-
ence is insignificant, and selection of the most advan-
tageous excitation transition will depend on the excita-
tion laser and detection system.

The rotational level dependence described above for
CH is in most cases too small to have meaningful
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implications for concentration measurements but can
affect LIF temperature determinations.3® Levels with
higher N’ live longer due to the slower quenching and
longer radiative lifetime. This ratio determines the
overall quantum yield, which increases slightly with N’
in these flames. For CH, there are no measurable
effects in the methane flame, but in the propane and
acetylene flames assumption of a constant fluores-
cence quantum yield for all rotational levels con recislt
in errors of 200—400 K at 2000 K. The apparent tem-
peratures recorded from time-integrated LIF excita-
tions scans would always be higher than the actual due
to the increased signal when exciting high rotational
levels. These errors in temperature could have a con-
siderable impact on the ability to compare measured
profiles to the result of flame chemistry model predic-
tions. All our reported temperature measurements
are obtained from excitation scans in which a very
short boxcar gate is used to minimize this effect.

The results on the electronic-to-electronic energy
transfer from the B2Z~ to the A2A are encouraging for
detection of the CH radical in particulate-laden sys-
tems. Exciting the B state near 390 nm and observing
the fluorescence near 440 nm from the A state would
sliminate almost all scattered light problems. Since
we find the amount of transfer relatively independent
of flame conditions, the signal obtained will be a ade-
quate representation of the CH ground state concen-
tration profile. When combined with the quantitative
results of Ref. 27, which show that 20% of the initially
excited B state fluoresces in the A state, absolute CH
concentrations can be estimated.

We thank Dave Crosley, Katharina Kohse-Hoeing-
haus, Jay Jeffries, and Greg Smith for many helpful
discussions on both the experiment and interpreta-
tion. We gratefully acknowledge support for this re-
search by the Aero Propulsion Laboratory of the Air
Force Wright Aeronautical Laboratories.
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Semiquantitative Laser-Induced Fluorescence in Flames

DAVID R. CROSLEY

Molecular Physics Laboratory, SRI International, Menlo Park, CA 94025

Laser-induced fluoresceace (LIF) provides a selective, sensitive, and nonintrusive of measuring reactive
imermediates in combustion chemistry. This articie examines ways in which LIF can be used in a semiquantitative
manner to gain insight into centain features of flame chemistry mechanisms, through concentration estimates accurate
to within perhaps a factor of three. Experiments detecting NH and NS are described, and exiensions of
semiquanttative LIF to multiple-species detection including two-dimeasional imaging are discussed.

INTRODUCTION

Chemical kinetic processes govern or play a major
role in several key combustion problems, includ-
ing pollutant formation (NO,, SO, , soot), ignition
and inhibition phenomena, and the emission of
radiation in the ultraviolet and visible. An under-
standing of the details of the pertinent mechanisms
is best achieved through detection of molecules
that are the reactive intermediates in those chemi-
cal steps. This can be accomplished through
sampling probe methods that do not destroy those
intermediates, such as molecular beam sampling
mass spectrometers, or through spectroscopic
techniques, often involving lasers. Each has ad-
vantages and disadvantages, as described in an-
other article in this issue [1]. The main differences
are the generality afforded by mass spectrometry
compared with the limited number of molecules
detectable with lasers, but on the other hand the
exclusive ability of the laser techniques to make
instantaneous, nonintrusive measurements includ-
ing the simultaneous mapping of an entire two-
dimensional field.

For the detection of intermediates present in low
concentration, laser-induced fluorescence (LIF) is
generally the method of choice [2]. The laser is
tuned so that its wavelength matches that of an
absorption line of some species of interest, elevat-
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ing it to an electronically excited state that
fluoresces. The emitted photons, which may be
detected through a fiiter or monochromator to
provide further species differentiation, form the
signal. In addition to a high degree of molecular
selectivity, LIF is quite sensitive. Measurements
of small molecules at the parts-per-million level
are performed with relative ease, and meaningful
measurements at the parts-per-billion level can be
made. The range of applicability of LIF i> umited
by the fact that the molecule of interest must
possess an electronic transition in a wavelength
region accessible to available lasers. In spite of
this, a large number of combustion intermediates
are detectable by LIF. Those containing one to
four of the atoms H, C, O, N, and S and which
have been observed with the method are listed in
Table 1.

Measurements of combustion intermediates are
most often used in the form of concentration
profiles as a function of distance above a burner.
In the past, concentration gradients were used to
calculate fluxes and deduce selected reaction rates
[3]. More typically now, the profiles are compared
with those predicted using large-scale computer
models [4] of the chemical reaction networks,
sometimes adjusting the rate constants to achieve
agreement. Quantitative comparisons such as these
often require accurate absolute concentration dc-

0010-2180/89/303.50
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TABLE 1

Molecules (14 Atoms) Detectable by Laser-induced
Fluorescence That Are Intermediates in Combustion Chemistry

Excitation Excination
wavelength wavelength

Molecule’ (nm) Molecule’ (nm)
H* 206 NCO* 440
C 280 HCO 615
o* 226 HCN 189
N 211 HNO* 640
S 31 NH? 598
OH* 309 G 405
CH* 413 C,0 66%
NH* 336 5,0 340
SH* 324 so* 320
CN~= 388 NO? 590
co* 280 HSO 585
Cs 258 CS; 320
NO* 226 N, 272
NS* 231 NCN 329
SO* 267 CCN 470
oz 217 HCCO 310
S? 308 NO, 570
Cs 516 C.H} 220
CH,0* 320

¢ An asterisk denotes that LIF detection has been performed
in a flame.

terminations, which must be approached with
considerable care [5].

LIF can also be used in a semiquantitative
manner. The simple presence of an intermediate
species in some flame, at an estimated concentra-
tion, can signal important concepts concerning the
flame chemistry. The retauve concentrations of
two (or more) species can provide choices among
alternative reaction mechanisms. For such pur-
poses, the accuracy of the measurement need not
be high: knowing the concentration to within a
factor of 3 or 5 can be quite adequate in the hands
of an insightful chemist.

LIF has, however, seldom been used in this
way. The purpose of this article is to illustrate
where a single, approximate LIF measurement has
yielded important flame chemical mechanistic
information, using two simple cases from work in
our laboratory. Extensions of these ideas to the
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simultaneous detection of two or more species,
including two-dimensional imaging measure-
ments, are also discussed.

We em~hasize that it is often necessary to detect
species other than the OH molecule in order to
generate useful ideas about the flame chemistry.
OH is the most important molecular radical in
most flames and its measurement is crucial to an.
understanding of the chemistry. However, 1t alone
tells very little about that chemistry, because its
concentration often rises slowly through the reac-
tion zone and remains relatively high (several
parts per thousand or greater) far into the burned
gases. Those intermediates that rise and then fall
before or within the reaction zone of the flame,
where the high-temperature gradient occurs, are
much more revealing. These can include all other
species (save for H and O) in Table 1. Because OH
is important, is present often at high concentra-
tion, and is easy to detect, it has been the focus of
most LIF flame studies. To really understand the
chemistry, however, other species must be mea-
sured besides this popular molecule.

LIF SIGNAL ANALYSIS

Most LIF experiments have been performed at
atmospheric pressure. The collision processes
occur so quickly that, during the laser puise, the
excited state population /V, remains in a steady-
state ratio to that of the ground state. The LIF
signal S is given by

where A is the Einstein coefficient for emission
into the spectral region detected by the phototube,
V is the volume probed by the laser, Q is the solid
angle collected, and 7, is the laser pulse length. G
is an apparatus factor comprising filter transmis-
sion, photodetector efficiency and gain, and elec-
tronic amplification. (The product GVQ can often
be calibrated using Rayleigh or Raman scantering,
with proper attention to wavelength-dependent
factors.) The excited state population is deter-
mined by a balance between the rates at which it is
pumped by the laser and is removed due to
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radiative, nonradiative, and collisional processes:

BI

N.=N,f .
[81/8.)BI+ kot kpe + ) koim,

@

B is the Einstein absorption coefficient, I the laser
intensity, and X, and ko, the rates for radiation and
(if present) predissociation. The sum over kg;n; is
the rate of collisional quenching in the mixture of
species, each having bimolecular quenching rate
coefficients kg, and densities 2;. N, is the ground
state concentration and f the fraction of molecules
in the absorbing vibrational-rotational level. The
term [g,/g.)BI, with lower and upper electronic
degeneracies g, represents stimulated emission.
The spectroscopic coefficients A and B in Egs.
1 and 2 contain factors for Franck-Condon vibra-
tional overlap, rotational line strength, and the
total radiative rate k,. Generally, these are known
or can be measured in separate experiments
(usually not in flames). It is the quenching
contribution [6] to the denominator of Eq. 2 that is
the most difficult to know accurately. Collisional
quenching has been investigated thoroughly for the
AT+ excited state of the OH radical, and found
to exhibit a marked dependence on collision
partner, temperature, and vibrational and rota-
tional level. The combustion diagnostics implica-
tions of these studies, many of which were
performed in our laboratories, are discussed in ref.
7. There, quenching rate coefficients kg, calcu-
lated using a reasonable collision model, are given
for several colliders of combustion interest as a
function of temperature. It was concluded that, for
OH, the quenching can be estimated to within
some 30%, given some knowledge of the colli-
sional environment, for example, from the initial
mixing ratio between fuel and oxidant plus the
temperature at we point the measurement was
taken. Calculated quenching rates agree to within
this uncertainty with the direct measurements
made in flames at atmospheric and reduced pres-
sure. I >r other molecules the situation is not so
good, in part because few quenching measure-
ments have been made at elevated temperature.
Estimates of Zkg;n; to within a factor of 2 or 3 are
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realistic to expect for H, O, NH, CH, and NO; for
the other atomic and molecular species, too little
appears generally known at present to do even this
well. Nonetheless, these levels of accuracy should
be quite adequate for the purposes of semiquantita-
tive LIF, as described below.

LIF SPECTRA IN FLAMES

In a stable laminar flame, LIF data are often taken
as so-called excitation scans, in which the laser is
tuned throughout some spectral region where the
molecule of interest absorbs. All (or some fixed
fraction) of the fluorescence is detected each time
the laser, which has a typical bandwidth of 0.3
cm™!, overlaps an absorption line. The resuiting
pattern is characteristic of the absorbing molecule
and is used to provide unambiguous identification.
An example is given in Fig. 1, which shows an
excitation scan taken in the reaction zone of a
methane—oxygen flame burning at 7 torr pressure.
This is the R branch head of the (0,0) band of the
B?T- - X3 electronic transition of the CH
molecule near 387 nm. CH is present in many
hydrocarbon flames, although the role it plays is
not known, due in large part to a lack of
knowledge of its reaction rates at high tempera-
ture. Emission from CH has been used to mark
reaction zones and it has been suggested as an
important participant in prompt-NO production
through the CH + N, reaction.

The fluorescence in the entire (0,0) B-X band
of CH, including the Q and P branches, was
detected. Note that for this light diatomic hydride,
all the rotational lines are weu resolved and clearly
identifiable even in this bandhead region. In this
case, the excitation scan has been used to deter-
mine the temperature at the point of measurement
of the radical: the dashed line shows a fit of the
entire spectrum [8, 9] to a single temperature,
using a spectral simulation computer code [9]
including the appropriate spectroscopic data base
on line positions and intensities. Accurate determi-
nation of the temperature, even for relative radical
concentration measurements, is crucial for any
comparison with chemical mechanisms due to the
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Fig. 1. Excitation scan through the R-branch region. as labeled, of the (0.0) band of the
B2T--X?1I transition of the CH molecule. The flame is CH,/O, burning at 7 torr: the detected
emission is that of the entire band including also the P and Q branches at longer wavelengths.
The scan is fit to two parameters, a temperature and a linewidth (assumed the same for all lines)
using a simulated spectrum calculated with a population distribution corresponding to that
temperature. The fit is shown by the dashed line.

highly nonlinear temperature dependence of chem-
ical reaction rate coefficients [9].

As we move to a polyatomic radical, the spectra
rapidly become more complex. The simplest such
situation is that of a linear triatomic, exemplified
by the NCO molecule, for which an excitation
spectrum over the range of a single laser dye is
exhibited in Fig. 2. This A?Z+ — XI], transition
has a rotational structure very similar to diatomics
with the same state symmetries; however, the
vibrational pattern is much more complicated [10).
These excitation spectra were taken in the reaction
zone of a CH,/N,O flame burning at atmospheric
pressure, where NCO appears in copious quantity;
the radical has also been suggested as an important
intermediate in fuel nitrogen production of NO,.
Detection was through a monochromator at 440
nm, to filter out strong LIF signals due to CH, C,,
and CN, which are concomitantly excited. Note
that the top two spectra are noise-free at the
sensitivity illustrated.

The top scan shows the overall pattern, which
incveases sharply in intensity as one scans to
shorter wavelengths through the (000-000) elec-
tronic origin band near 440 nm. Toward shorter
wavelengths, the spectrum quickly becomes much

more congested due to the appearance of hot
bands, that is, absorption of the laser by excited
vibrational levels of NCO in the hot flame. The
drop in laser power for wavelengths less than 430
nm accounts for the decrease in apparent intensity
of bands moving to yet shorter wavelengths. In the
middle spectrum, a 4-nm portion showing the four
bandheads of the (000-000) band is exhibited; the
bottom panel is a further expanded section, 0.45
nm in extent, which shows individual rotational
lines of the ©P;, satellite branch. (Interestingly,
this ©P), head is barely discernible in room
temperature LIF spectra of the radical; this is
because the rotational levels contributing in the
head region have J ~ 70 and are sparsely
populated at 300 K.)

The overall pattern throughout this region is
complex, in large part because vibrationally ex-
cited levels contain significant fractions of the total
NCO population. In order to make measurements
of NCO, even semiquantitative ones, it is neces-
sary to have at hand assignments of the vibrational
bands and rotational lines contributing to the
absorption and fluorescence at the laser and
detection wavelengths. In the case of this triatomic
molecule, detection in hot bands to the red, such at
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Fig. 2. Excitation scans for the A?L*-X?I], system of the
linear triatomic radical NCO, in the reaction zone of an
-atmospheric pressure CH,/N,O flame. The fluorescence is
detected at 465 am (the 000 — 100 band region) with a 4-am
bandpass. Top spectrum: total scan over the entire range of one
laser dye (Coumarin 440), unnormalized to laser power.
Middle: 4-nm portion showing the region of the 000 — 000
band. with the (right to left) Q. P, P;, and P, heads
marked by arrows. Hot bands begin to appear at wavelengths
shorter than the O, head. Bottom: Region 0.45 nm in extent
showing the rotationally resolved °Py; branch, with a head
having J ~ 70.
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(000)~(100) at 466 nm, offers less congestion and
therefore less ambiguity in individual line assign-
ments [10].

The situation continues with other polyatomics,
placing limits on the detectivity and selectivity
which can be obtained. In Fig. 3 are seen two
excitation scans [11] of the CH,O molecule,
seeded into an atmospheric pressure CH,-air
flame at a mole fraction of 0.5 %. This excitation is
the 235, band at 305 nm; a few rotational
subband heads are marked. The bottom panel
shows the spectrum in the unburnt gases, just
above the burner and below the reaction zone of
the flame. The top scan was taken higher in the
flame, where the signal-to-noise ratio can be seen
to be much smaller.

Although some formaldehyde has been con-
sumed by reaction, a major cause of the much
smaller signal levels (as witnessed by the lower
signal-to-noise ratio) is the dilution of the popula-
tion over the much larger number of ievels. In
particular, the distinct bandheads in the lower
spectrum  arising from rotational levels highly
populated at room temperature become less pro-
nounced in the flame because those levels contain a
much smaller fraction of the total population at high
temperatures. This fact can be considered quanti-
tatively by an examination of the partition func-
tions for these molecules at different temperatures
in Table 2. (Both CH and NCO have 2I1 ground
states, with fourfold electronic degeneracy, which
accounts largely for the fact that the total partition
function for NCO is larger than that of CH,0 at
the lower temperatures.) Note that there are some
500 times as many levels populated for the
polyatomics compared to CH at 2000 K; for
similar absorption strengths and quantum yield
(which is approximately the case) typical poly-
atomic signals will be that much smaller for the
same radical concentration.

Another type of LIF flame experiment involves
*‘fluorescence scans.’” For these, the laser wave-
length is fixed upon one excitation line, and a
monochromator dispersing the fluorescence is
scanned to reveal the spectrum of the emitted
fluorescence. This spectrum arises only from the
initially excited level pumped by the laser, if no
collisional redistribution has occured in the excited
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flame

Fig. 3. Excitation scans of the CH,O molecule near 318 nm, exciting the 2'5' level of the
A'A; eiectronic sute. The marked peaks are R-branch subband heads, formed from a
sequence of rotational levels J each having s common value of X, the projection quantum
oumber along the figure axis of the molecule; always, J = K. Bottom: scan in the cool
unburned gases below an atmospheric pressure CH,/O; flame, in which CH,0 is seeded at 2
concentration of 0.5%. Top: scan in the reaction zone of the flame. The signals are much
wesker due to the shift in population with the increase in temperature. Many more levels are
populsted and there is less population in levels with smaller J, X that form the bandheads

prominent in this region.

state. It then consists of the (typically three) strong
rotational branches emitted by that level, appear-
ing in a series of vibrational bands. An example is
shown in Fig. 4, for the NCO molecule. The
bottom spectrum is a fluorescence scan in a ow-

TABLE 2
Partition Functions for Some Combustion Iatermediates

Temperature CH NCO CH,0
300K 50 4.6x10° 1.4x10°
1000 K 170 1.7x10¢ J4x10¢
2000 K 400 1.8 x10¢ 2.1x10°

pressure discharge flow, in which NCO is the only
radical of consequence present. The spectrum
shown is obtained by exciting the vivv3 = 000
level of the B2, state, an electronic state different
from that involved in the scans of Fig. 2. Long
progressions in the three ground state vibrations
can be seen. In the upper panel is a fluorescence
scan exciting at the same wavelength, but this time
in the CH,/N,O flame. The same progression of
bands can be seen, providing a definitive spectro-
scopic identification of the molecule in this flame.
(The larger breadth of the bands in the flame is due
to wider monochromator slits.) However, lines
arising from simultaneous excitation of the OH
and CN molecules are also present in the flame.

E-6
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{a) CH,/N,O Flame

LV

{b} Low Pressurs Fiow Cell
001

100
A

i

| -

101

201 102

202
‘ ‘j’ ﬁ " o
appatand L~ ——

330 340 350

370 3e0 390

WAVELENGTH {nm}

Fig. 4. Fluorescence spectra of the NCO molecule. Excitation is to the v, vy¢; = 000 level of
the B[], electronic state of the radical near 315 um, and a monochromator dispersing the
fluorescence is scanned, showing a series of transitions to vibrational levels (as aumbered) in
the lower electronic state. Bottom: fluorescence scan in & low-pressure discharge flow system
in which NCO is the only radical present in sppreciable quantity. 7ap: flucrescence scan in ap
atmospheric pressure CH,/N,O flame, with the same excitation. By the characteristic
fluorescence patiern NCO can be distinguished even though there are interferences due to OH
and CN sbsorbing st the same wavelength. Observation of the 201 or 102 band at 366 or 374
om, respectively, appears the best for detection of NCO in the presence of these diatomics.

Tuning the monochromator 0, for example, the
201 band or the 102 band will permit the detection
of NCO without interference from the diatomics.
This can be necessary because of the much
stronger signal from the diatomics for comparable
line strengths, as noted above. Without selective
detection the diatomic signals can mask those of
the polyatomics. Later, however, we shall see how
this overlap in excitation might be exploited o0
learn about flame chemistry.

During the time the molecule resides in the
upper electronic state, it may suffer collisions that
leave it excited but in a different internal (vibra-
tional-rotational) level from the one originally
pumped by the laser. In this case fluorescence
scans can be used to study that collisional redis-
tribution of the excited state population. An
example is shown in Fig. 5, which is a rotationally
resoived fluorescence scan for the B state of the
CH radical in an atmospheric pressure CH,/O,
flame [12]). The initially excited rotational level
remains the most highly populated. There is
competition between rotational energy transfer
(which redistributes the population) and quenching

(which removes it from the excited state and
freezes the distribution). Similar studies on OH
[13, 14}, CH(A) [12, 15], and CN [16) show that
rotational thermalization is also not achieved in
those molecules. Such effects must be taken into
account to determine the effective quantum yield
within the spectral bandpass employed to obtain
quantitative measurements of concentration and
temperature {6].

Semiquantitative Detection of NH and NS

Equations 1 and 2 comain the parameters neces-
sary to obtain measurements of molecular species
in flames using LIF. The Einstein coefficients for
absorption and emission contain Franck~Condon
vibrational overlap and rotational line strength
factors that are available from spectroscopic mea-
surements in flow cells and/or flames. The overall
radiative rate k, and bimiolecular quenching rate
coefficients ko are usually obtained from low
pressure experiments if available, although only
for OH and to a lesser degree NH and CH does
sufficient information [7] exist to permit 2 calcula-
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tion of the sum for actual flame conditions. It is
generally the quenching contribution to Eqgs. 1 and
2 that is most uncenain; in spite of that fact, useful
information can still be obtained from intermediate
species LIF measurement. We illustrate this point
with two examples.

The first consists of measurements on the NH
radical made in a CH,/N,0O flame {6). Because the
N-N bond strength in N,O, 4.93 eV, is much
stronger than the 1.68 eV bond strength of the N-
O bond, the most obvious chemical mechanism
would involve spliting off an oxygen atom to
oxidize the hydrocarbon. Now it has long been
known [17] that the emission spectrum of hydro-
carbon-nitrous oxide flames includes band sys-
tems of the molecules NO, CN, NH, and NH, in
addition to those from OH and CH; the former set

CH Bz~
v'sO, N=6
R

Q

10 4

p
TgT Iy T 7T 17T 1
€ o] 14

J . 1 J
3900 4000

Fig. 5. Rotationally resolved fluorescence spectrum of the CH
B-X (0,0) band following excitstion of the N' = 6 rowtional
level in the excited state. The P and Q branch lines emitted by
the initially pumped level can be distinguished. The other
levels, most evident in the P branch, have been populated by
collisional rotational energy transfer with the gases of this rich
atmospheric pressure CH./N;/O; flame. Quenching, which
removes the emitting B-suate altogether, occurs competitively
with rotational energy transfer. Thus, the distribution is neither
that of the initially excited level alone nor a rotationaily thermal
distribution.
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of molecules can be produced only through break-
age of the much stronger N-N bond. On the other
hand, such emission may well arise from direct
chemiluminescent formation of the excited emit-
ting states within the flame, and may not be a valid
indicator of the chemically important ground state
concentrations.

LIF can supply the proper measure of the
chemically relevant ground state, for it is that state
that absorbs the laser radiation. Excitation scans
were taken of both OH and NH in the luminous
zone of the flame. At the time (early 1980) that
this experiment was performed, little was known
concerning the quenching of A°I1; NH and noth-
ing was known about high-temperature quenching
of either radical. Nonetheless, the simple assump-
tion was made that the quantum yield at atmo-
spheric pressure, Q/A = Zkgini/A, was the
same for both species. Together with known
spectroscopic data, the conceniration ratio [NH)/
[OH] ~ 0.04 was obtained. A separate absorption
measurement showed that OH was, as usual,
present at high levels, ~7 X 10% cm=3. The
inferred ~oncentration of NH is then 3 x 10"
cm™3, quite ample to be of chemical significance.
This finding has been important in semting the
entire stage for the consideration of the chemistr;
of hydrocarbon-nitrous oxide flames, showing
that it would be imprudent to ignore the role of
radicals produced following breakage of the N-N
bond of the N,O.

Subsequent to this simple experiment and analy-
sis [6], a measurement [18] of NH in such a flame
was performed using absorption, which does not
rely on a quenching estimate. The result, also 3 x
10™ cm~3, agrees better with our determination
than the approximation on Q/A warrants. In fact, a
much more recent set of measurements in low-
pressure flames [S, 19] indicates that Q/A is
probably smaller for NH than for OH by about a
factor of 3. Nonetheless, chemical models of such
flames now include pathways for generation and
reaction of NH, as they should. (What such
pathways should be is not yet clear; it was in fact
ambiguity among the possibilities which led to the
postulation and successful sea~h for NCO in such
flames [10, 20].)

A more recent example is that of the NS
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molecule [21]. NS had been observed previously
only in spectroscopic experiments in discharges,
and never in flames; it had only rarely [22] been
considered as a potential flame intermediate. We
wondered whether NS might be present in flames
of hydrocarbons containing fuel sulfur and fuel
nitrogen, which are often combined in coals. If so,
it could be a link between the cycles that produce
NO, and SO,.

Our swmdies of NS began with a series of
spectroscopic [23] and quenching measurements
[24], in a microwave discharge in N, mixed with
SCl, in a flow cell at low pressure and room
temperature. An excitation scan through the (0,0)
vibrational band of the C?Z* — X[ transition is
shown in the upper panel of Fig. 6. The individuai
rotational lines can be assigned and analyzed; the

161

four-headed pattern is the same as those seen in the
similar Z-I] transitions of NCO and CH illustrated
earlier.

A small burner was then positioned in place of
the flow system and used to burn a CH,/N,0
mixture seeded with SF4. The resulting excitation
scan, with the laser beam focused into the flame-
front region, is shown in the lower panel of Fig. 6.
This is, unambiguously, the same molecule that
had been detected under well-controlied conditions
in the flow system, clearly illustrating the selectiv-
ity of the LIF method. The larger number of lines
in the flame spectrum is due to the higher
temperature and consequently larger fractional
population in higher rotational levels.

For more careful measurements, we formed a
simulated coal flame from methane burmag in
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Fig. 6. Excitation scans for the NS molecule, in the (0,0) vibrational band of the C-X
transition. Four prominent band heads and many individual rotational lines are evident. Top:
NS in a room temperature flow system, produced in a microwave discharge in N, and SCl;.
Bottom: NS in an atmospheric pressure CH./N,O flame seeded with SF,. Scans in CH./O,
flames seeded with H;S and NH, appear identical. The flame species can be unambiguously
identified as NS by the characteristic spectrum; the larger number of rotational lines in the

flame scan is due to the higher temperature.
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oxygen containing minor amounts of NH, and H, S
to represent fuel nitrogen and sulfur. NS was
observed in all such flames, and even in a flame of
pure natural gas burning in N,O; here, the sulfur
source was the 2 ppm of methyl mercaptan added
by the utility company to produce a noticeable
odor.

Just finding the NS raises interesting questions,
but even more useful would be estimates of its
absolute concentration. For this purpose, it was
necessary to estimate many of the parameters in
Eqgs. 1 and 2, including secking analogies with the
collisional behaviour of other molecules. The
choices are described in detail in ref. 21. The
Einstein A emission coefficient was taken from an
ab initio quantum chemical calculation; together
with our measured Franck-Condon factors (23]
and calculated rotational line strengths, these also
furnished absorption coefficients B. The decay of
the C?Z" state of NS is governed by predissocia-
tion, with an effective lifetime of 6 ns measured by
magnetic depolarization (Hanle effect), which is
too fast for direct observation by our detection
electronics. The major uncentainty, however, is
posed by the fact that quenching of the C state of
NS has never been measured. We estimated it by
analogy to quenching esults on NO and PO, as
well as our measurements {24] on the B2[1 state of
NS itself.

A careful consideration of all the uncertainties
involved in the estimates, together with experi-
mental error bars, led to an overall uncenainty of a
factor of three in the absolute concentrations of NS
measured in these flames. How good is a measure-
ment to within a factor of three? When the
molecule has never before been observed in a
flame, it can be quite revealing. In some of the
flames, the steady-state NS concentration was
measured to be as much as 5% of the total added
sulfur. Even with a range of 2%-15%, this means
that a very large fraction of the fuel sulfur is being
processed through this one radical. With this
estimate of the total concentration, together with
the fact that the NS signal disappeared rapidly
when the laser beam was moved into the burned
gases, we deduced that NS was removed primarily
by a reactant present at a few tenths of a mole
percent, and produced by a reaction between some
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radical present at 10 ppm or more and a stable
species present at 0.1% or greater. The conclusion
is that NS may be an important reaction intermedi-
ate in the reducing atmosphere of rich hyrocarbon
flames with fuel nitrogen and fuel sulfur. It may.
play a major role in NO,-SO, interaction chemis-
try. This simple observation of NS does not prove
that role, but ciearly indicates further measure-
ments of reaction rates and studies in flames are
needed.

This observation of NS, a new radical in
combustion chemistry, iliustrates the type of ideas
and insights that one can obtain using semiquanti-
tative LIF in flames. Although estimates were
necessary for some parameters in the analysis, the
concentration values deduced are accurate enough
to raise, if not answer, important questions about
the flame chemical mechanism.

MULTIPLE SPECIES LASER-INDUCED
FLUORESCENCE

The detection of a single species in a flame can
provide valuable insight into the flame chemistry,
as shown by the preceding examples of NH and
NS. Even more informative can be the detection of
more than one type of molecule at the same point
and the same time. For example, whether CN
precedes NH in a CH(/N,0 flame may disclose
the rate of attack of nitrogen atoms or nitric oxide
molecules on methane compared with that of
hydrogen atoms reacting with the nitrous oxide. In
those few cases in which such measurements have
been made, the approach has been the sequential
use of different excitation wavelengths, evcn
different lasers, each optimized for one of the
desired species. Because beam sizes and diver-
gences are different, considerable care must be
taken to ensure that the same volume is probed vy
each laser. An imprecise match can render mean-
ingless any comparison with calculated filame
chemistry modeils. This problem can be greatly
exacerbated in atiempts to make measurements in
turbulent flames, where each laser must be fired
simultaneously and sample the same spatial region
of the flame despite severe optical inhomoge-
neities.,

We took a different approach [25], seecking
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particular laser wavelengths at which more than
one species could be excited. The objective is to
use one laser at one wavelength to detect two or
more molecules in, necessarily therefore, the same
probed volume. This series of experiments was
performed in a CH,/N,O flame burning at atmo-
spheric pressure on a small glassblowing torch.
We have already seen that in this flame there exist
many different reactive radicals, so it provided a
fertile test system to develop the method.

In the spectral region near 315 nm exist elec-
tronic transitions of the intermediates OH, NH,
CH, CN and NCO. Several of the individual
absorption lines of these molecules overlap within
the Doppler width of typically 0.2 cm~’, which
approximately matches the 0.3-cm~! bandwidth of
typical commercial lasers. This permits the con-
current detection of these species using spectrally
dispersed or filtered fluorescence. We have al-
ready seen an example of such overlap in the flame
fluorescence spectrum in Fig. 4, in which OH and
CN were excited together with NCO. Between 280
and 320 nm, there are many wavelengths at which
two molecules of the set of diatomics absorb and a
few where three can be detected. NCO is also
inciuded near 315 nm.

At one wavelength, 312.22 nm, there exists an
overlap of absorptions by the important hydrides
NH, CH and OH; CN can also be observed
nearby. Figure 7 exhibits five repeated excitation
scans over the <ame wavelength region, selectively
detecting in turn each of these species. In Fig. 7a,
the OH (C,1) A-X band is observed in the
monochromator; the largest feature is the P;(7)
line of the (0,0) excitation. The smalier lines
belong to (1,1) and are observed following v’ = 1
— O energy transfer in the flame. This is clear
from Fig. 7b, where the (1,2) band is detected and
these (1,1) excitation lines stand out prominently.
In Fig. 7c, CN fluorescence near 388 nm is
detected. Most of this spectrum tracks that of OH
in Figs. 7a and 7b and is due to a transfer of
electronic energy from excited OH to CN in the
flame. Some of the excitations mapped are those of
the so—called tail bands of the CN B-X system.
These two causes of CN excitation can be sepa-
rated by the choice of detection wavelength, as
seen below. In Fig. 7d, the A-X system of NH at
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Fig. 7. Excitation spectra over the same laser wavelength
region but detecting at different fluorescent wavelengths to
measure various radicals in the reaction zone of an atmospheric
pressure CH,/N;O flame. The arrow at the bottom denotes the
wavelength where all excitations overlap, used for the fluores-
cence scan in Fig. 8. (a) Detection at A, = 348 am to observe
excitation in the (0,0) band of OH. (b) A, = 353 nm to observe
excitation in the (1,1) band of OH. (c) \, = 388 nm to observe
the (0,0) and (1,1) bands of CN, created by excitation transfer
from OH; compare with Figs. 72 and 7b. The much smalier
lines between 312.10 and 312.15 nm are direct excitation of the
tail bands of CN. (d) A¢ = 337 am to observe excitation in the
NH A-X system, with the most prominent lines seen the P(N*
= 12) triplet of the (2,1) band. (e) Ay = 431 am to observe A~
X emission from CH resulting from energy transfer following
excitation in the (0,0) and (1,1) bands of the C-X transition.
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Fig. 8. Fluorescence scan following excitation in the CH,/N,O flame at 312.22 am, as
denoted by the arrow in Fig. 7¢. Directly excited LIF from OH, NH, and CN can be seen. The
CH emission results from C = A collisional energy transfer following excitation of the C
state. The large CN feature has twu peaks. inat ac Shoner waveicagtn is darect excitation of the
v’ = 3 and/or 4 levels of the B state, and the emission at 388 nm results from energy transfer

from OH excited by the laser.

336 nm is selectively detected; the prominent
excitation here is the P branch triplet for N* = 12
in the (2,1) band. In Fig. 7e, an excitation scan of
the CH C-X system is seen, monitored via energy
transfer of the radical into the emitting 42A state.
The doublet is the R branch set for N* = 7 in
(0,0) and the weaker lines belong to (1,1).
Atempts to directly detect CH C2Z+ emission
near 314 nm were swamped by signal from OH in
the same region, and the electronic-to-electronic
energy transfer was exploited to selectively ob-
serve CH.

At 312.22 nm, denoted by the arrow in Fig. 7e,
all four of these species are resonantly excited.
With the laser tuned to this wavelength, the
fluorescence scan of Fig. 8 was taken. Emission
from each of the diatomic species can be seen. In
the tallest feature, labeled CN, the direct excita-
tion is the peak at shorter wavelength, while the
higher one to the red resuits from energy transfer
from OH.

These spectroscopic coincidences will permit
instantaneous correlation measuremems among
different species in pointwise or imaging (see
below) flame experiments. They avoid the compli-
cations of alignment of two separate laser beams
and the accompanying variation in spatial and

temporal profiles of each puise. This can be useful
in a stable, laminar flame, and is probably
essential in the study of the chemistry of turbulent
combustion. A single optical system could be used
to coliect the fluorescence. The light emitted by
each species would be directed onto a separate
detector using beamsplitters and appropriate filt-
ers. The throughput of such a system is much
higher than that of the monochromator used for the
scan in Fig. §, and will yield correspondingly
higher signal levels.

In wrbulent flames, where the conditions at a
given point change rapidly with time, measure-
ments made upon successive laser puises can be
related only in a statistical fashion. This is true of
course for measurements of one as well as several
intermediate chemical species. Because of the
complex and highly nonlinear aspects of flame
chemistry, attempts to relate statistical averages of
one radical, e.g., CN, to another such as OH are
not likely to be very useful for developing insight
into that chemistry. The technique of two-dimen-
sional fluorescence imaging [26] was developed in
order to provide an instantaneous spatial distribu-
tion of the measured radical, avoiding ambiguities
in a statistical analysis. By tuning the laser so that
more than one species is excited, and focusing the
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light through beamsplitters onto different diode
array detectors, one could obtain correlated spatial
distributions of different radicals, resuits that
should be extremely informative concerning the
chemical mechanism involved.

A simpie example of what one might do is
illustrated by two-dimensional LIF imaging of the
CH radical in a flame [27]. This experiment was
performed in a stable laminar flame using two
different lasers and the data were taken sequen-
tially, not simultancously. Nonetheless, the tech-
nique of multiple species detection at a single laser
wavelength could be used for the purpose. Each
laser beam was formed i~ a cheet of radiation in
a now-standard fashion {26}, slicing through a

Y, mm

75

f v T Y

0 § 10 15
X, mm

Fig. 9. Composite results from OH aad CH two-dimensional
LIF imaging experiments in the tip of a glassblowing torch
flame, burning CH, and O, at atmospheric pressure. Each track
represents the intensity across & horizontal segment of the
vidicon face. The distances marked are those in the flame; the y
axis is stretched and skewed for clarity. Each track represents a
sum over | mm vertical spatial resolution while the horizontal
resolution is 0.1 mm. The lines represent the OH distribution,
with a maximum in the burned gases, and the filled-in profiles
are those of CH, which exists primarily in the flame front
region. These are sequential experiments, each averaging over
seven laser pulses: for measurements in a time-varying system
such as a twrbulent flame, 3 single pulse of a laser tned 0
overlapping wansitions of thc two species would be used.
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small atmospheric pressure CH,/O, flame on a
glassblowing torch. The data are plotted as con-
centration profiles in Fig. 9. Each line, or track,
shows the distribution across the flame at a
particular height above the bumer. The lines
extending to the edge of the frame are OH,
whereas those profiles filled-in (for distinction)
are CH. A spatial point consists of a box 0.1 mm
in the x direction and 1 mm in the y direction.

It is clear from these distributions that measure-
ments of OH and of CH provide very different
information about the flame chemistry. The OH
tells us primarily where the burned gases are, that
is, where the chemical reactions have already
occurred. On the basis of OH alone, it is very
difficult to distinguish the reaction zone. CH, in
contrast, is ncar the flame front and reveals where
the combustion chemistry is now taking place. To
obtain a complete picture of the flame chemistry,
one that is both current and historical, the mea-
surement of both species is necessary.

This distinction between OH and CH was
evident from prior knowledge about the conical
flame shape in this stable, laminar system. In
dealing with a time-varying system like turbulent
combustion or explosion, this simple information
concerning where the flame chemistry is occurring
and has taken place could be valuable in compar-
ing with models of turbulent combusting flows
[27]. For these conditions, a single laser tuned to a
CH/OH overlap and a pair of array detectors are
needed to obtain properly correlated measure-
ments.

The data exhibited in Figs. 7-9 are LIF signals
uncorrected for quenching. To be carefully quanti-
tative, one would need to know the flame environ-
ment for each point at which the measurement is
made. Obviously, this cannot be done for the case
of an instantaneous image in a time-varying flame.
The situation can be ameliorated by operating
under optical saturation conditions [28], although
problems are then introduced concerning the size
and shape of the volume probed. Nonetheless,
relating an instantaneous LIF image to the desired
radical ground state concentrations will remain
semiquantitative. As we learn more about quench-
ing under differing flame conditions {5, 7, 19], we
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can place closer limits on the uncertainties intro-
duced by such estimates.

CONCLUSION

Laser-induced fluorescence measurements of radi-
cal intermediates are usually obtained in the form
of profiles, often solely for OH but sometimes
including other species, for comparison with
computer calculations of detailed flame chemical
mechanisms. We have seen that LIF can also be
used in a quite different way, to detect and make
semiquantitative measurements of one or more
particular reactive species. Such information, even
the presence alone of some radical, can lead to
insight into the flame chemistry. Examples were
offered by the detection of the NH radical in CH,/
N,O flames, showing that the chemistry invoives
breakage of the N-N bond in the oxidant, and the
finding of NS in copious quantity in simulated coal
flames, raising important questions about its role
in interactions between the NO,~SO, formation
mechanisms. Particularly useful would be the
measurement of more than ore intermediate spe-
cies simultaneous in position, and also in time for
rapidly varying processes. The successful search
for wavelengths at which more than one radical
can be detected using selectively filtered fluores-
cence detection provides the means for such an
experiment. The method could even be extended
to simultaneous two-dimensional imaging in time-
variant systems, to obtain correlations concerning
the chemical mechanism and the flow dynamics;
an example of very simple information of that type
was afforded by images of CH, which mark the
zone of reaction in a CH,/O, flame, and OH,
which show where the reaction has already oc-
curred.

As our chemical knowledge advances, one
wishes of course to improve the level of accuracy
of the corresponding LIF measurements. Where
possible, quantitative comparison with mechanis-
ue gpaclictions is the goal. Continued investiga-
tions of the spectroscopy and .slLsional behavior
of key radical species ensure that such progress
will occur. However, it is important to identify
those key species on which to concentrate such
efforts. This can be done by careful considerations

D. R. CROSLEY

of the flame chemistry, coupled with semiquantita-
tive detection of new species as discussed here.
Such measurements will not merely identify new
species as for NS; they can also help formulate
questions leading to a search for other intermedi-
ates from mechanistic considerations, e¢.g., the
detection of NH leading to an inquiry about NCO.
Progress in our understanding of combustion
chemistry will result from a thoughtful combina-
tion of both semiquantitative and quantitative
measurements of reactive flame intermediates.

I gratefullv acknowledge the experimenta!
efforts of and many useful discussions with
several coworkers involved in the experiments
Jdescrived: Richard Copeland, Mark Dyer,
Nancy Garland, Jay Jeffries, Karen Rens-
berger, and Gregory Smith. The work described
has received support from several sources: U.S.
Army Research Office, Basic Energy Sciences
Division of the Department of Energy, Air
Force Wright Aeronautical Laboratories, and
Physical Sciences Department aof the Gas Rez-
search Institute.

REFERENCES

1. Seery, D. 1., Combust. Flame, (1988, in press).

2. Crosley, D. R, and Smith, G. P., Opt. Eng. 22:545
(1983); Bechtel, J. H., Dasch, C. 1., and Teets, R. in
Laser Applications (R. K. Erf and J. F. Ready, Eds.),
Academic, New Ycrk, 1983; Lucht, R. P., in Laser
Spectroscopy and Its Applications (L. J. Radziemski,
R. Solarz and J. A. Paisner, Eds.), Marcel Dekker, New
York, 1986; Crosley, D. R. High Temp. Mat. Proc.
7:41 (1986).

3. Fristrom, R. M., and Westenberg, A. A. Flame Struc-
ture, McGraw-Hill, New York, 196S.

4. Gardiner, W. C., Ed., Combustion Chemistry,
Springer-Verlag, New York, 1984.

5. Kohse-Hbinghaus, K., Jeffries, J. B., Copeiand, R. A.,

Smith, G. P., and Crosiey, D. R., Twenry-Second

Symposium (International) on Combustion, The

Combustion Instimte, Pittsburgh, in press.

Crosley, D. R., Opt. Eng. 20:511 (1981).

Gariand, N. L., and Crosley, D. R., Twenty-First

Sym.pasium (International) on Combustion, The

Combustion Institute, Pittsburgh, 1988, p. 1693.

8. Anderson, W. R., Decker, L. J., and Kodar, A. ],
Combust. Flame 48:163 (1982).

9. Rensberger, K. J., Copelend, . A, Juffvics. . B,

S0

E-14




LASER-INDUCED FLUORESCENCE IN FLAMES

10.

11.

12

13.

15.

16.

17.

18.

19.

20.

Kohse-Hoinghaus, K., Wise, M. L., and Crosley, D. R.,
Appl. Opt. (in press).

Copeland, R. A., Crosley, D. R., and Smith, G. P.,
Twentieth Sympasium {International) on Combus-
tion, The Combustion Institute, Pisburgh, 1984, p.
1195.

Garland, N. L., unpublished data.

Garland, N. L., and Crosiey, D. R., Appl. Opt. 24:4229
(1985).

Smith, G. P., and Crosley, D. R., Eighteenth Sympo-
sium (International) on Combustion, The Combus-
tion Institute, Piusburgh, 1981, p. 1511; Crosley. D.
R.. and Smith, G. P., Combust. Flame 44:27 (1982).
Chan, C., and Daily, J. W. Appl. Opt. 19:1357 (1980);
Stepowski, D., and Contereau, M. J. J., Chem. Phys.
74:6674 (1981); Lucht, R. P., Sweeney, D. W., and
Laurendeau, N. M., Appl. Opt. 25:4086 (1986).
Kohse-Hoinghaus, K., Perc, W., and Just, Th., Ber.
Bunsen Ph. Ch. 87:1052 (1983).

Vanderhoff, J. A., Beyer, R. A., Kotiar, A. J., and
Aoderson, W. R., Combust. Fiame 49:197 (1983).
Gaydon, A. G., The Spectrascopy of Flames, 2nd ed.,
Chapman and Hall, London, 1974.

Anderson, W. R., Decker, L. J., and Kotlar, A. J.,
Combust. Flame 49:179 (1982); 51:125 (1983).
Reasberger, K. J., Wise, M. L., Crosley, D. R.. and
Copeland, R. A., Twezaty-Second Symposium (Inter-
national) on Combustion, The Combustion Institute,
Pittsburgh, in press.

Anderson, W. R., Vanderhoff, J. A., Kotlar, A. 1.,
DeWilde, M. A., and Beyer, R. A., J. Chem. Phys.
77:1677 (1982).

E-15

D

B

167

Jeffries, J. B., and Crosley, D. R., Combusi. Flame
64:55 (1986).

Wendt, J. O. L., Wootan, E. C., and Coriey, T. L.,
Combust. Flame 49:261 (1983).

Jeffries, J. B., Crosley, D. R, and Smith, G. P., J.
Phys. Chem. 93:1082 (1989).

Jeffries, J. B., and Crosley. D. R., J. Chem. Phys.
86:6839 (1987).

Jeffries, J. B., Copeland, R. A., Smith, G. P., a:d
Crosley, D. R., Twenty-First Sympasium (Interna-
tional) on Combustion, The Combustion Instirute,
Pinsburgh, 1988, p. 1709.

Dyer, M. J., and Crosley, D. R., Opt. Lent. 7:382
(1982); Kychakoff, G., Howe, R. D., Hanson, R. K.,
and McDaniel, J. C., Appl. Opt. 21:3225 (1982
Hanson, R. K., Twenry-First Sympasium (Interna-
tional) or Combustion, The Combustion Institute,
Pinsburgh, 1988, p. 1677.

Dyer, M. J., and Crosiey, D. R., Proceedings of the
International Conference Lasers ‘84, STS Press,
McLean VA, 1985, p. 211.

Kohse-Hoinghaus, K., Heidenreich, R., and Just, Th.,
Twentieth Symposium (International) on Combus-
tion, The Combustion Instinxte, Pittsburgh, 1984, p.
1177; Kohse-Habinghaus, K., Koczar, P., and Just, Th.,
Twenty-Firs: Symposium (International) on Combus-
tion, The Combustion Instirute, Pittsburgh, 1988, p.
1719; Saimon, J. T., and Laurendean, N. M., Appi.
Opt. 24:1313 (1985).

Received 8 April 1988; revised 26 September 1988




Appendix F

LASER-INDUCED FLUORESCENCE DETERMINATION OF
TEMPERATURES IN LOW-PRESSURE FLAMES




Laser-Induced Fluorescence Determination of
Temperatures in Low-Pressure Flames

Karen J. Rensberger, jay B. Jeffries, Richard A. Copcland,
Katharina Kohse-Héinghaus,2 Michael L. Wise, and David R. Crosley

SRI International
Molecular Physics Laboratory
Menlo Park, California 94025

ABSTRACT

Spatially resolved temperatures in a variety of low-pressure flames of hydrogen and
hydrocarbons burning with oxygen and nitrous oxide are determined from OH, NH, CH,
and CN laser-induced fluorescence rotational excitation spectra. Systematic errors arising
from spectral bias, time delay, and temporal sampling gate of the fluorescence detector are
considered. In addition, we evaluate the errors arising from the influences of the optical
depth and the rotational level dependence of the fluorescence quantum yield for each
radical. These systematic errors cannot be determined through goodness-of-fit criteria, and
they are much larger than the statistical precision of the measurement. The severity of these
problems is different for each radical; careful attention to the experimental design details for

each species is necessary to obtain accurate LIF temperature measurements.
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I. Introduction

Laser-induced fluorescence (LIF) is an ideal diagnostic technique for the
measurement of the concentrations of a variety of small free radical molecules which are
important reaction intermediates in combustion chemistry.! Diatomic hydride radicals such
as OH, NH, and CH, with their easily accessible excited electronic states, are readily
observed by LIF in flame experimients. Although the OH radical has been the subject of the
largest number of studies, simultaneous measurements of other species are needed to
answer detailed questions about the flame chemistry. For example, the NH radical, unlike
OH, is present only in the reaction zone and is an important intermediate in the production
of NOy in flames containing either fuel nitrogen or oxidizers such as NO2 or N2O. Prompt
NO production is initiated by the reaction of CH with N». In addition, CH emission and
fluorescence are often used for diagnostics of the reaction zone of hydrocarbon flames.
Besides the hydride radicals, the CN radical is another important intermediate species in
NOy production.

The spatial variation of the concentration of diatomic radicals in stable laminar
flames can be predicted by computer model calculations and measured by LIF.2 A
comparison of the predicted and measured variations of radical concentrations with position
in the flame provides a sensitive test of the chemical mechanism used in the model.
Quantitative comparisons, whether on an absolute or relative basis, require knowledge of
the gas temperature with precise spatial correlation to the LIF concentration measurement.
There are two reasons for tiis. First and most important, the predictions of the model
calculation at each point in the flame can be markedly different for temperature changes of
100 to 200 K because of the non-linear effects of temperature upon a chemical reaction

sequence. Second, the temperature is needed to relate number density in a particular
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rotational and vibrational level, as measured by the LIF intensity, to the total mole fraction

of the radical species.

There are many methods to measure the gas temperature in ames, including both
intrusive probe measurements and nonintrusive light scattering techniques.3 Included
among the laser-based nonperturbative techniques are LIF, coherent and spontaneous
Raman scattering, and Rayleigh scattering.# Laser-induced fluorescence provides an
excellent way to measure both the concentrations of the reactive intermediate radicals and
spatially correlated temperatures. In this work, we discuss the use of LIF rotational

excitation spectra for temperature measurement.

To obtain a rotational temperature, the radical is excited from several different
rotational levels in the ground electronic state to an excited electronic state, from which it
radiates. The fluorescence signal intensity for each individual transition is a measure of the
population in that particular rotational level of the ground electronic state. In turn, the
population distribution in the rotational levels is governed by the temperature. From the
measured intensities and knowledge of the rotational line strengths (B;), the population in
each level N; is determined. The temperature can be obtained from the slope of a
Boltzmann plot of In(Nj/g;) versus E;, where g; and E; are the degeneracy and energy,
respectively, of the ground state level i. Alternatively, a portion of a rotational excitation
spectrum may be directly fit to determine a temperature. This technique has the obvious

advantage in being able to use complex, overlapped spectra.

In this paper, we describe in detail experiments on OH performed in stable,
laminar, low-pressure flames of Hy burning in O and N7O. These experiments investigate
the influence of rotational-level-dependent quantum yield and detector wavelength response
function (spectral bias) on the apparent gas temperature. For OH we also investigate the

effects of optical depth, manifest as significant absorption of the laser beam and
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fluorescence across the burner. Low-pressure flames offer special advantages for these
purposes. First, the temperature gradients are gradual compared with the laser spatial cross
section. Second, collisional quenching is reduced so that the excited state lifetime is
significantly longer than the duratior. of the laser pulse, and the direct ime decay of the
fluorescence can be used to study collisional effects. We find that the detector spectral
bias, the optical depth, and the rotational-level-dependent quantum yield can produce
significant systematic errors in addition to the statistical precision of the LIF temperature
determination. We will demonstrate for OH that even if the influence of these parameters is
neglected, the rotational spectra (or Boltzmann plots) are still satisfactorily fit to a
temperature. This temperature can deviate by as much as several hundred degrees from the
true value, i.c., that correctly determined by properly taking all these effects into account.
The magnitude of these systematic errors cannot be determined by statistical measures of

precision but often must be evaluated experimentally.

Measurements on NH, CH, and CN in hydrogen or propane flames burning with
oxygen or nitrous oxide allow comparisons of the temperatures obtained in the same flame
with different radicals. The optical depth problem is not observed for these radicals, but
the detector spectral bias and the rotational level dependence of the quantum yield is still a

concern.

The section below on the experimental technique includes a brief description of the
low-pressure flame apparatus and a discussion of the detection considerations for each of
the radicals: OH, NH, CH, and CN. The influence of rotational energy transfer, the
rotational dependence of the transition moment, and the optical depth on the LIF
temperature are studied in detail for OH. In the following section, temperature

measurements on each of the radicals are then compared.

Fei




In addition to their direct applicability to low-pressure flames, the present results
provide guidance for temperature measurements at atmospheric pfessure using LIF of
radicals. Our use of a narrow (10-30 ns) detector gate placed at the signal peak minimices
the effects of rotational energy transfer and rotational-level-dependent quantum yields seen
when integrating the entire fluorescence decay over time. In contrast, at atmospheric
pressure, detector temporal bandwidth greater than 1 GHz and picosecond laser pulses are
necessary to time resolve the fluorescence. The effects on the measurement due to
rotational-level-dependent quantum yields must be carefully taken into account when

applying this work to higher pressure flames.

II. Experimental Technique
1. Experimental Apparatus

The low-pressure burner apparatus is discussed in detail elsewhere, and only the
aspects important to temperature measurements will be discussed here Flames of
hydrogen or propane are bumed with either oxygen or nitrous oxide. These flames are
supported on a 6 cm diameter porous-plug McKenna bumne.  hich resides in an evacuated
chamber, and can be scanned vertically with an accuracy and rcproducibility of 0.1 mm.
For most experiments, the pressure ranges between 6 and 15 Torr. The laser beam usually
traverses the burner horizontally at the center, resulting in a detection path length through
the flame of 3 cm. For the OH measurements, because absorption of the beam is
substantial (9% for the strong lines in the R branch) the burner is positioned with the laser
beam closer to the burner edge, yielding a detection path length of 1.25 cm. The collimated
"+ser beam is apertured with a measurec beam diameter of ~0.5 mm, which corresponds to
a temperature spread of about 100 K in the region of the largest temperature gradient in the
hottest flames, and proportionately less in the cooler flames.
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Light from a pulsed XeCl excimer-pumped dye laser witi & pulse leugth of ~12 ns
excites the radicals fiom the v" = 0 level in the ground state to v' - 0 in the exci.~d state.
Table I lists the specific band system for each radical and we laser dye used. In all cases,
the laser int=nsity is attenuated to insure that the excitarion transition is not saturated and the

LI signal is linear with laser power.

The LIF is collected with f/3 optics and focused at f/4 into a C.3 m monochromator
used as an adjustable bandpass optical filter. The light is detected with a 1P28
photomultiplier, amp... ied, and captured with a boxcar integrator. Typically, betweer. 10
and 100 laser shots at each wavelengtn are sumined to obtain the signal. The time delay
between the excitation laser and the detection gate, and the time width of that gate are
discussed in detail below. For reasons discussed below, the detector must have a constant
response over the entire wavelength region of the vibrational band detected. A 3.3 m
monochromator with 0.5 mm: entrance and 4 mm output slit provides a trapezoidal shaped
spectr2] response function with a 20 nm bandpass at the top of the trapezoid and a 23 nm

bandpass at the base.

2. Spectral Fitting

I'o obtain a rotational temperature, the wavelength of the excitation laser is scanned
to excite the radical from several different rotational levels and/or fine structure levels of the
ground electronic state. The signal intensity I; obtained when exciting from level i in the

ground state to level f in the e>cited state and collecting all the fluorescen::e is
I; = GOBAN;, (1)

where G is a constant related to the light collection efficiency, By is the excitation line

strength for the respective rotational line, and N; is the population in level i. The
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fluorescence quantum yield ®f is Ag/(Ag + Q + kpre), where Ag is the Einstein A coefficient,
Q is the total collisional quenching rate, and kpre is the predissociaﬁon rate. The
fluorescence quantumn yield depends on the rotational transition and collision environment.
In low pressure flames, it may be quite high, around 0.2 or so, while at atmospheric
pressure it is greatly reduced by collisional quenching. A recent approach applicable to O5
and OH attempts to avoid the quenching problem by exciting transitions which are strongly
predissociated.6-8 In this case, the quantum yield depends only on the predissociation rate,
but at a significant cost in signal levels. For the temperature measurements described here,
the quantum yields may be directly measured. From the LIF line intensities and knowledge
of the rotational line strengths and fluorescence quantum yields, the relative N; can be
determined. The population in each rotational level is proportional to giexp(-E;/kT). The

temperature can be obtained from the slope of a Boltzmann plot of In(N;/g;) versus E;.

Alternatively, a portion of the rotational excitation spectrum can be directly fit by a
least-squares procedure to determine a temperature; here, the line positions, rotational line
strengths, and energy levels are input data. There are only two free parameters in such a
fit: the temperature and linewidth. Direct spectrum fitting .0 determine temperature is the
accepted technique for CARS,? and has been done elsewhere for LIF.10 The advantage of
such direct fits is that individual intensities do not need to be extracted from overlapping
transitions in the spectrum. For example, Fig. 1 shows the excitation spectrum in the Q-
branch region of the NH A-X system which we use to obtain NH temperatures. Here we
scan only 0.5 nm and excite more than 50 transitions with N" between 1 and 20. At this
laser resolution, this region is too congested to determine straightforwardly individual N;
and obtain the temperature from Boltzmann plots. Table I contains the scan ranges and

other pertinent data for OH, NH, CH, and CN.

The experimental spectrum is fit by comparing it to a synthesized spectrum and

varying the fit parameters (temperature and Gaussian linewidth) to minimize the sum of the
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squares of the residuals. The line positions and line strengths of the transitions and the
ground state energy levels arc the necessary input to the fit. The r;:maindcr of this section

will describe how these are obtained and will describe some details of the fitting procedure.

The line positions, as well as the spectroscopic labeling, for the OH (A-X)
transitions are obtained from Dieke and Crosswhite!! and for NH (A-X) from Brazer,
Ram, and Bernath.12 The line positions for CH (A-X) and CH (B-X) are from Moore and
Broida;!3 the labeling is as suggested in Ref. 14. The line positions for CN are calculated
as described below from the molecular constants given by Colket.15 The calculated
spectrum for the CN radical agrees to within 0.01 A with published wavelengths for N"
from 1 t0 49.16 No tabulated line positions were found for N" from 52 to 58, so the
calculated line positions for N" from 52 to 58 are adjusted to match the experimental

spectrum as described next.

The experimental spectrum as it is obtained is not linear in wavelength. The laser
stepping motor drive shows an oscillatory behavior that is evident when the experimental
wavelengths of the transitions are compared to known line positions. For the short scan
regions needed here, the nonlinearity appears to be a slow curve and can be fit to a three-
term polynomial, which is used to adjust the synthesized line positions to match the
experimental line positions. Each scan region is calibrated separately, as the nonlinearity

varies from region to region.

The linewidth determined by the spectral fitting procedure is a convolution of the
laser linewidth and the Doppler width of the transition. Our measured linewidth for the

doubled laser output at 310 nm is 0.2 cm-! and is not sufficiently narrow to accurately

determine the temperature just from the Doppler width of the transitions. The linewidths
from the CH and CN spectra are generally twice as wide, due to a larger laser linewidth,
than those for the OH and NH spectra. The fit to determine the temperature is not highly
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dependent on the value for the linewidth, as the sum of squares of the residuals from the fit
changes less than 1% for a change in the linewidth of 0.002 A. .

The rotational line strengths for each radical are calculated after the approach
developed by Zare et al.17 A computer program calculates the position and line strength of
rotational lines of an electric-dipole-allowed transition from molecular constants using a
model Hamiltonian described by Zare et al. Some of the molecular constants needed are the
term origin, the rotational constants, the spin-orbit splitting constants, and the spin-rotation
spliting constants. A notc of caution is deserved here. Depending on which set of
molecular constants is used, large differences on the order of 1 to 2 A between the
calculated and tabulated line positions are seen, especially for CH and NH. The differences
appear to be the greatest when there is significant A-doubling in a IT state. It is preferable
to use a set of constants for both the excited and ground states obtained using the same
Hamiltonian used to calculate the line positions and line strengths. Since tabulated line
positions are readily available for all the radicals but CN, we use these in the temperature
fitting. The rotational line strengths calculated are not as sensitive to the molecular
constants as the line positions, and are used in the spectral fitting program. The constants
for NH are given in the same reference as the line positions. Those for CH are given in
Ref. 18 to 20. The constants for OH are obtained from fitting the tabulated line positions in
Dieke and Crosswhite with the Zare et al. method.

The rotational line stzengths calculated in the program assume that the electronic
transition moment is independent of the internuclear separation. This is a poor assumption
for OH.2! The variation in the electronic transition moment with internuclear distance seen
for OH manifests itself in a rotational level dependence of the electronic transition
moment.22 The magnitude of the error in the temperatures for spectra fit to rotational line

strengths neglecting this can be estimated from




Teorrected = Tobserved(1-YTobserved)™ - ()

The parameter yis 3.24x10-5 for OH, calculated from spectroscopic considerations
including the internuclear distance dependence of the transition moment.2! For OH, we fit
some of the rotational excitation spectra with line strengths neglecting the rotational
variation of the electronic transition moment. A flame at 2300 K produces an apparent
temperature low by 180 K and at 1200 K low by 35 K, in excellent agreement with the
prediction of Eq. (2). All of the OH temperatures discussed in this work are obtained using
the corrected line strengths.22 The NH and CH radicals have substantially less variation of
the transition moment with rotational level: = 5.4x10-6 for NH (A3[1;), ¥ = 3.2x10-6 for
CH (A2A), and 7y = 5.2x10-6 for CH (B2X"). The error thus produced for these radicals is
estimated to be less than 30 K for the highest temperatures. This systematic error is less
than the precision of the measurements discussed here. For non-hydride radicals, vy is

generally too small to influence temperature measurements.

A list of the ground state energy levels needed to calculate rotational populations at a
given temperature is obtained from the computer program used to calculate rotational line
strengths. Each rotational level is split to give F and F, components for OH, CH, and
CN, and into three analogous components for NH. For our purposes, for NH and CN, the
splitting is small and is ignored. The A-doublet splitting for OH and CH is also small and

is neglected.

The scan ranges listed in Table I cover a range of low and high rotational levels.
For OH, NH, and CH (B-X), the rotational levels cover a range through which
temperatures from room temperature to 2500 K and higher can be measured. The CH
(A-X) scan range that is listed covers low rotational levels and very high ones. Itis best
for flames above 1500 K; a different range that covers intermediate rotational levels is

necessary for cooler flames, such as for measurements on the Hy/O; flame seeded with
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CH4. The CN scan range is similar, in that a different set of rotational levels may be

necessary to measure temperatures lower than 1900 K.

It is difficult to assess how noise-free a spectrum must be in order for it to yield a
meaningful temperature. The OH and NH (Fig. 1) spectra are of much higher quality than
the CH and CN spectra. Examples of spectra for CH(A-X) and CN are shown in Fig. 2
and 3 and for CH(B-X) in Ref. 23. The signal to noise ratio for the CN spectrum for the
smail peaks, which correspond to high rotational levels and are most sensitive to the
temperature, is about 3 and becomes worse at lower temperatures. The CH spectra, in
general, are of lower quality than those for OH and NH, mainly due to a much smaller

concentration of the CH radical in the flames.

3. Detector Response Requirements

To determine the bandpass necessary to detect the LIF without spectral bias requires
a discussion of the spectroscopy and collisional energy transfer of the radical. The spectral
bias problem has been discussed in detail for atmospheric pressure flames24 and is
summarized here. In LIF, the laser light excites the radical to a particular rotational and
vibrational level of the excited electronic state. The initially excited level can radiate,
undergo energy transfer to other rotational or fine structure levels of the same electronic
state which subsequently radiate, or be collisionally removed from the manifold of radiating
levels to another electronic state. All radiation emitted in the detector spectral bandpass
forms the LIF signal. Each level radiates with characteristic transitions (P, Q, R) to the
ground electronic state. The line strengths and selection rules governing these transitions
vary with each molecule; however, the emission in each vibrational band occurs over a
finite range of wavelengths. The large rotational constant of the hydride radicals extends

the spread of wavelengths. For example, the calculated (0,0) bands for the radicals
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OH (A-X), NH (A-X), CH (A-X), CH (B-X), and CN (B-X), at 2500 K are illustrated in
Fig. 4. The spectra in this figure show that if the excited electroni;: state is rotationally
equilibrated at 2500 K, fluorescence from each radical will extend over a wide (15-25 nm)
range; the width of the spectrum for each of the radicals is given in Table 1.

In these experiments with flames between 5 and 15 Torr, we estimate the average
time between rotational energy transfer collisions to be about 30 ns. Thus, if we use a
narrow detector (boxcar) gate of 10 ns during or promptly after the 15 ns laser pulse, the
excited state population distribution of the radiating molecule will be dominated by the
initial level. Significant additional population will be found in only those levels adjacent to
it. For this case, the required bandpass is dictated by the range of rotational levels exciicd
and the wavelength of their P-, Q-, and R-branch transitions. For the OH rotational levels
excited here, 3 SN’ < 16, the required bandwidth to detect all the light becomes 13 nm.
The requirements for the other radicals are listed in Table 1.

Alternatively, if energy transfer collisions create a thermal population distribution in
the excited electronic state before the fluorescence is detected, then this light will have the
same spectral distribution for any initially excited level, and can be detected with any broad
or narrow bandpass spectral response. However, this case also requires a delay between
the excitation laser pulse and the detector time gate to permit sufficient rotational relaxation.
For the hydride radicals, collisional quenching is competitive with rotational energy
transfer.24-28 Thus, the delay while waiting for thermalization of the excited state
population also reduces the signal at least a factor of ten. Such a scheme was applied? to
low-pressure flames where the fluorescence lifetime of the radical is long compared to the
laser pulse length. In an atmospheric pressure flame, the collision rates become so fast that
the fluorescence is quenched rapidly compared to the 12 ns laser pulse and thermalization is
never achieved.24-26 Only the time-integrated fluorescence, which has a rotational

distribution far from thermal, can be easily detected.
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To test the effects of spectral bias, we shift the 20 nm bandpass detector to be
centered at 320 nm. This is about 8 nm to the red of the optimum <for the OH detection.
The detector will then collect the light from the P- and Q-branch transitions with high
rotational quantum number with greater efficiency than from those with lower N. Most of
the R-branch (J < 19.5) and some of the Q; branch (J < 6) will not be detected. The
rotational excitation spectrum listed in Table I is then scanned in the burnt gases of a 7.2
Torr, stoichiometric Ho/N2O flame. Instead of the 2300 K temperature measured with the
optical bandpass properly adjuszed, the rotational excitation spectrum is fit by a temperature
of 3770 K with a statistical prccisi'oh of -;150 K. Note the goodness of fit shown in the
Boltzmann plot in Fig. 5, even though the resulting temperature is clearly not possible in
such a flame. The adiabatic flame temperature is 2600 K. The spectral fit also does not
show any obvious bias. The use of a narrow bandpass detector (1.3 nm), centered on the
low N region of the Q-branch bandhead, has been previously demonstrated24 in
atmospheric flames to give precise temperatures as much as 800 K lower than those
detected without spectral bias. For similar reasons, the use of a 10 nm bandwidth for the
detection centered on the Q-branch fluorescence of the CH B-X rotational excitation
spectrum in Table I results in a temperature ~400 K too cold. Switching to the 20 nm
bandwidth solved this problem for the CH B-X system. These examples clearly show that
statistical measures of precision do not provide warnings of possible systematic errors
which can severely limit the accuracy of the measured temperature. Rather, the collisional

energy transfer and spectroscopy for each radical must be considered.
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4. Laser-Detector Timing

Changes in the fluorescence quantum yield with rotational level can effect the
measured temperatures. There are three rotational-level-dependent terms in the quantum
yield: the oscillator strength, noted above for the absorption transition, the collisional
quenching rate, and the predissociation rate. The radiative lifetimes of OH, NH, and CH
depend on rotational level, although this variation is the largest in OH.2% The higher
rotational levels have a longer radiative lifetime. In addition, at room temperature, the
collisional quenching rates of both OH and NH decrease with increasing rotation of the
electronically excited radical. 30 Consequently, moving the detector gate to longer delays
will increase the relative amount of fluorescence from higher rotational levels, and the
apparent temperature will become higher. For OH, we tested this in the burnt gases of a
7.2 Torr Hp/N2O flame near 2300 K; here the fluorescence lifetime is ~100 ns. Several
boxcars recorded the rotational spectrum simultaneously, each with a 10 ns gate at different
gate delays. The spectra obtained in this way are compared to one obtained from a prompt
10 ns gate. The systematic error AT increases smoothly from 80 K at 50 ns delay to 240 K
at 250 ns. When a wide (300 ns) gate is used to integrate all the fluorescence, the error is +
100 K. All of the fits to the spectra have satisfactory statistical precision, again much

smaller than this systematic deviation.

A rotational-level-dependent quantum yield for the LIF has been observed for
OH,3! CH,532 and NH32.33 in low-pressure flames. However, for the flames studied
here, the 10 ns detector gate is short compared to the fluorescence lifetime of all the radicals
studied except CN. By using such a short gate promptly after the laser pulse, the quantum
yield variation with rotational level can be neglected since very little quenching has
occurred. However, if the detector gate is delayed to permit rotational equilibration or is

sufficiently wide to integrate the entire signal, then rotational-level-dependent quantum
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yields may produce significant errors in the temperature. For OH in a stoichiometric 7.2
Torr Hy/N2O flame, the quantum yield has significant dcpcndcnoe‘ on rotational level only
in the reaction zone.3! In the bumnt gases, this dependence can be safely neglected at the +
50 K precision. However, without a short, prompt detector gate in the reaction zone,
errors of 100 to 200 K may result. For NH, the rotational-level-dependent quenching can
cause errors of ~150 K, and for CH such effects can cause systematic errors as large as
400 K in propane and acetylene flames. Again these problems are avoided in low-pressure
flames with a short, prompt detector gate.

S. Optical Depth

In these low-pressure flames, OH is the only radical for which we see significant
(>1%) absorption. For OH in a 7.2 Torr stoichicmetric Hy/N,2O flame, we see as much as
9% absorption on the strongest lines of the R-branch. This absorption must be considered
quantitatively. The boundary between the flame and the background gas is cooler than the
flame itself. The OH radicals in this boundary layer have more population in the lower
rotational levels. Thus, there is more absorption by the low rotational levels both of the
excitation laser beam as it traverses to the uniform probed region of the burner and of the
subsequent fluorescence on its way to the detector. Recall that the upper electronic state
does not thermalize, so low initially-excited rotational levels will radiate through transitions
absorbed by low levels. With increased absorption of both the laser and the fluorescence
by lower rotational levels, the apparent temperature from the excitation scan becomes too
high. Both the absorption and boundary layer effects are evident in the rotational excitation
scan for OH displayed in Fig. 6. The spectrum is taken from the burnt gases of a 7.2 Torr
stoichiometric Hy/N2O flame. The top trace shows an absorption spectrum along the line

of sight through the flame, and the bottom trace is the corresponding LIF excitation
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spectrum from the uniform flat flame. The absorption spectrum is fit to a temperature of
1990 K, reflecting a concentration weighted average over the ﬂamc and its cooler
boundary. Without correcting for absorption, the LIF spectrum is fit to a temperature of
2330 K. The absorption correction to the LIF spectrum as described below results in a
temperature of 2250 K, corresponding to an error of + 80 K.

The horizontal position of the burner for most of the OH measurements has a 5 cm
traverse of the flame by the laser beam and a detection path length of 1.5 cm through the
flame. In these experiments, the absorption correction is made by a particularly expedient
normalization of the LIF signal by the laser intensity, as monitored by a postflame
photodiode which measures absorption of the laser beam over the entire 5 cm path length.
The excitation is in the R-branch and the prompt detector gate ensures that most of the
observed fluorescence originates from the initially excited rotational level. The
fluorescence is emitted and reabsorbed in all three rotational branches, which have different
line strengths. Thus, we need to correct for the absorption of the laser beam in the R-
branch over the 2.5 cm from the edge of the flame to the center of the flame, where we
image the LIF, and we need to correct for the absorption of the fluorescence in all three
branches over the shorter 1.5 cm out of the flame. For the path lengths in this experiment,
the absorption of the laser in the R-branch over the longer path length (2.5 cm) is
equivalent to the absorption of the fluorescence in the P-, Q-, and R-branches of the shorter
path. Thus, the laser absorption over the entire path through the flame provides a measure
of the total absorption. For a different experimental set up with different path lengths, the
proper absorption correction must be recalculzted. The temperatures and radical profiles,
corrected for absorption, measured at the center of the burner agree with those taken at the
position closer to the edge, ensuring that the flame is sufficiently flat for a meaningful

comparison.
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One method that we did not explore, but deserves further study, is to use the OH
(A-X) (1,0) band for excitation. Absorption of the excitation las& beam by the ground
state radical is less, by a factor of three, because of the reduced transition probability for
this band. However, excitation to v' = 1 introduces further complications in the detection
scheme. The (1,1) and (0,0) bands overlap each other, so neither can be cleanly detected
without collecting fluorescence from the other. The (1,0) band could be used for detection;
about a third of the fluorescence from v' = 1 is in this band. However, a further
complication is that the rotational level dependence of the amount of vibrational relaxation
from v' = 1 to v' = 0 versus electronic quenching varies with collision partner,34 and will
therefore change throughout the flame profile. In our low-pressure flames where we can

use a short detector gate, this would not be a severe problem.

IIl. Temperature Comparisons

Rotational temperatures of both NH and OH are measured in a 7.2 Torr Hy/N,0
stoichiometric (fuel equivalence ratio ¢ = 1.0) flame, and the values are plotted versus
height above the bumner in Fig. 7. The wavelength regions scanned are given in Table 1.
The measured NH and OH temperatures agree to + 50 K. The good agreement indicates
that the method described above properly accounts for the influence of rotational-level-
dependent oscillator strength and optical depth problems possibie for the OH
measurements. The temperature at the point 46 mm above the burner, in the burnt gases,
was measured 13 times over a period of two weeks. The average temperature measured is

2320 £ 30 K, which is indicative of the statistical precision of the OH measurements.

Figure 7 also shows the temperature profile of a 7.2 Torr, ¢ = 1, Ho/O7 flame as
measured from OH excitation spectra. Note that temperature measurements are possible at

temperatures as low as 400 K, at a height 1 mm above the burner. Despite the large heat
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release available for H and O, this low-pressure flame burns at a very low temperature.
The burnt gas temperature is only 1200 K; this difference with Tagiabaric has been observed
previously.35 By seeding (<10%) methane into an Hp/O» flame, a temperature
measurement using the A-X system of CH is made; it agrees with this low OH LIF flame

temperature.

In a second series of experiments, the CH, NH, and CN radical are all used to
measure the temperature in the same 15 Torr, rich (¢ = 1.33) C3Hg/N2O flame. The
measured temperature and radical LIF profiles for each species are given as a function of
height above the burner in Fig. 8. The intense CN fluorescence overwhelms that of the CH
B-X system which is in the same spectral region, so only the CH A-X system can be used
in this flame. The relevant scan parameters are given in Table . Most of the measurements
with CH A-X agree within 100 K with those using NH A-X. Thus, we have observed
agreement for temperature measurements from NH, CH(A-X), and OH excitation scans.
However, the measurements for CN in the burnt gases are consistently 200 K high. One
reason may be rotational-level-dependent quantum yields. There is no collisional
quenching data for CN in this flame, and the radiative lifetime is too short (65 ns)36 for the
quantum yield to be neglected with our 10 ns detection gate. This discrepancy deserves

further study.

In another comparison, the temperatures are determined in a 6.8 Torr, ¢ = 1,
C3Hg/O; flame using both the A-X and B-X systems of CH. The regions scanned are
given in Table I. The temperature and CH radical concentration profiles in this flame are
presented in Fig. 9. CH is present only in the reaction zone. For reasons we do not
understand, temperatures measured using the B-X excitation spectra are systematically 150-
200 K lower than those obtained with the CH A-X system. Note that CH (B2X")
predissociates29 rapidly for N 2 15. If rotational energy transfer from the higher levels

excited in the rotational excitation spectrum can rapidly transfer >10% of their population to
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these predissociating levels, such a discrepancy could be explained. However,
experiments with varying detector gate delays, as described above for OH, will be
necessary to test this hypothesis.

IV. Summary

We have assessed the systematic tmperature measurement errors from the detecior
spectral bias, temporal gate width, and rotational-level-dependent oscillator strength for the
hydride radicals OH, NH, and CH. For low-pressure flames where the fluorescence
lifetime is long compared to the excitation pulse length and detector gate, we have
agreement for the temperatures measured from the excitation spectra of the three radicals to
~100 K. Even with the careful measurement methods described above for these laminar
laboratory low-pressure flames, we do not obtain this reasonable agreement for
measurements using the B-X system of CH or the B-X system of CN. This points to
additional rotational-level-dependent effects which might influence LIF measurements of

temperature with these radicals.
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Figure Captions

1. Experimental LIF rotational excitation spectra of the Q-head region of the NH (A3IL;-
X33 transition for a 13.8 Torr, ¢ = 1.04, C2Hz/N20O flame. The spectra are
obtained (top to bottom) at 1.1, 4.0, and 7.3 mm above the burner and are fit to
temperatures of 1050, 2250, and 2670 K, respectively. The bottom trace is the
residual of the fit at 2670 K. The transitions are labeled by the ground state total

angular momentum quantum number J.

2.  Experimental LIF spectrum of part of the CH (A2A-X2[]) transition in a 6.8 Torr,
¢ = 1, C3Hg/O» flame. A fit to this spectrum yields a temperature of 1900 K. The
residual to the fit is shown in the lower trace. The rotational transitions are relabeled

to correspond to the notation suggested by Ref. 14.

3. Experimental LIF spectrum of part of the CN (B2Z*-X2Z) transition in a 15 Torr,
¢ = 1.33, C3Hg/N2O flame. A fit to this spectrum yields a temperature of 2575 K.
The residual to the fit is shown in the lower trace.

4. Synthesized OH, NH, CN, and CH emission spectra at 2500 K. At this temperature,
the transitions extend over many nanometers. The y-axis scale is different for each

band shown.

5. Boltzmann plot of the OH (A2X*-X2I1;) normalized intensity divided by the line
strength and degeneracy vs. rotational energy for a 7.2 Torr, ¢ = 1, H/N2O flame, in
which the spectral bandpass preferentially detects the high rotational levels. The line
corresponds to a temperature of 3770 K. The correct temperature of 2300 K is
obtained by using the proper bandpass.
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OH (A2Z*-X2IT;) LIF spectrum (middle) and absorption spectrum (top) in the R-
branch region in a 7.2 Torr, ¢ = 1, Hy/N,O flame. The LIF.spccmnn gives a

temperature of 2250 K. The absorption spectrum gives a temperature of 1990 K,
which is a concentration weighted average over the flame and its cooler boundary.

The bottom trace is the residual to the fit for the LIF spectrum.

Temperature profiles for a 7.2 Torr, ¢ = 1, Hy/N2O flame (top) and Hy/O, flame
(bottom). The triangles show the OH temperature and the circles the NH temperature

in the Hp/N2O flame. The boxes show the OH temperature in the H,O, flame.

Temperature and LIF signal profiles for a 14 Torr, ¢ = 1.33, C3Hg/N2O filame. The
signal profiles are for CN, CH, and NH (top to bottom). The open boxes,
diamonds, and solid boxes correspond to temperatures measured using CN (B2Z*-
X2zt), CH (A2A-X2IT), and NH (A3T1;-X3Z") rotational excitation spectra,

respectively.

Temperature and CH profiles for a 6.7 Torr, ¢ = 0.96, C3Hg/O5 flame. The boxes
and circles show temperatures determined from CH (A2A-X2I1) and CH (B2X"-X2I1)
rotational excitation spectra, respectively. The bottom curve is the relative CH radical
concentration. The line through the CH profile is synthesized from the

parametrization data in Ref. 5.
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Rotational and Translational Effects in Collisions of Electronically Excited Diatomic

Hydrides

David R. Crosley

Molecular Physics Laboratory, SRI International, Menlo Park, California 94025
(Received: December 27, 1988}

Collisonal quenching and vibrational energy transfer proceed competitively with rotational energy transfer for several excited
states of the diatomic radicals OH, NH, and CH. This occurs for a wide variety of molecular collision partners. This

permits the examination of the influence of rotational motion on the collision dynamics of these theoretically tractable species.
Measurements can also be made as a function of temperature, i.c., collision velocity. In OH(A2Z*), both vibrticnal transfer
and quenching are found to decrease with an increase in rotational level, while quenching decreases with increasing temperature.
This behavior indicates that for OH anisotropic attractive forces govern the entrance channel dynamics for these collisions.
The quenching of NH(AIL;) by many (although not all) collision partners also decreases with increasing rotational and
translational energy, and NH(c'IT) behaves much like OH(A2Z*). However, the quenching of CH(A2A) appears to decrease
with increasing rotation but increases with increasing temperature, suggesting in this case anisotropic forces involving a barrier
or repulsive wall. Such similarities and differences should furnish useful comparisons with both simple and detailed theoretical

pictures of the appropriate collision dynamics.

Introduction

An ultimate goal of physical chemistry is to fully understand
the outcome of some collisional encounter, be it a chemical
transformation or the transfer of energy among the various degrees
of freedom of the colliders. This requires an accurate knowledge
of the potential surface(s) involved or at least those features of
the potential that govern particular dynamic events. Currently,
theoretical techniques are beginning to provide realistic surfaces
for small systems. Tests of the quality of those surfaces, and an
understanding of the influence of different regions or aspects of
the surfaces, come from experiments designed to probe the collision
events on a quantum-level-specific basis, selecting the initial state
(or a small subset) and measuring the distribution over final states.
Fully state resolved experiments are not always possible, but
considerable information can still be gained with partial state
selection in various modes. Diatomic hydrides provide an im-
portant class of molecuies for study, presenting us with fortunate
opportunities in two respects. First, at least with small collision
partners, they are amenable to detailed calculation of potential
surfaces and trajectories; such computations can be expected to
be realistic even for excited electronic states. Second, due largely
to their wide energy level spacing, they often afford good possi-
bilities for achieving state-resolved experiments.

We consider here collisions of electronically excited states of
the diatomic hydrides. For reasons of both fundamental and
practical interest, these states, particularly for the hydroxyl radical,
have been the subject of many studies by diverse means over a
long period of time. With modern laser methods, individual
vibrational and rotational quantum levels, or reasonably well
defined distributions over such levels, can be initially selected
within these excited states. In many cases the rates of quenching,
vibrational and rotational energy transfer, and translational
thermalization are all competitive; that is, they occur on similar
time scales. This enables the study of the influence of one of thege
forms of energy on collisions involving relaxation of a different
mode, ¢.g., the rotational level dependence of vibrational energy
transfer. This situation stands in sharp contrast to that observed
for ground electronic states, where rotational and translational
thermalization typically take place some 100 times faster than
vibrational transfer, thereby preventing such an examination. In

collisional quenching, a special aspect of the potentials is also
involved, the coupling between surfaces for different electronic
states.

The first of such studies was that of downward vibrational
energy transfer (VET) in the A2Z* state of the OH and OD
radicals.!? For the simple colliders H,, D,, and N,, the VET
cross sections were found to be on the order of gas kinetic and
to decrease sharply with increasing rotational level. This rapid
rate of transfer, together with other evidence discussed below,
suggested that attractive forces and the formation of a transitory
collision complex played a role in the VET process, while the
dependence on rotational level indicated that those forces were
anisotropic in nature. Because the A state of OH has a large dipole
moment, 2.0 D, an anisotropic attractive interaction between it
and a collision partner is not surprising. Subsequently, it was found
that for the colliders N, and O, quenching of OH(A2Z*) varies
with rotational level in a similar way® and that for many quenchers
the cross sections decrease with increasing temperature (i.c.,
collision velocity). Thus, anisotropic attractive forces appear
important in this process as well. Investigations of quenching of
the AL, and c'l states of NH, and the A?A and B2Z states of
CH, show a dependence on rotational level, while quenching of
both those states of NH, the A%A state of CH, and the A’IL, state
of PH vary with temperature. However, for these radicals the
interpretation is not as simple and, for CH at least, quenching
appears to involve repulsive forces or a barrier.

This paper reviews the experiments investigating these effects
of rotational and translational energy on VET and quenching in
the diatomic hydrides and speculates on possible reasons for such
behavior. Many of the ideas deveioped from experiments con-
ducted on the OH radical, and the concepts thus involve the
attractive forces noted above. One of the reasons for studying
the other hydrides was an attempt to generalize from the findings
on OH, but matters turned out to be more complicated and thus
more interesting. The findings can be considered in terms of simple

(1) Lengel, R. K.; Crosley, D. R. Chem. Phys. Lett. 1978, 32, 261.

(2) Lengel, R. K.; Crosley, D. R. J. Chem. Phys. 1978, 68, $309.

(3) McDermid. 1. S.; Laudenslqer ). B.J. Chem. Phys. 1982, 76, 1824.
7. (4-), Fairchild, P. W.; Smith, G. P.; Crosley, D. R. J. Chem. Phys. 1983,

1795,
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mechanistic pictures and eventually compared with realistic
theoretical calculations. Thus, we can not only develop elementary
concepts concerning these collisions but also use the resuits to test
predictions from those sophisticated theories, particularly when
we compare different electronic states of different hydrides.

This is not intended as a review of the field of diatomic hydride
collisions as a whole but is specialized to the rotational and
translational effects on quenching and VET and the information
these effects convey concerning molecular interactions. Earlier
work on OH and NH has been summarized in the reviews of
Schofield® and Slanger.® respectively. Occasionally, large dis-
crepancies among measurements reported from different labo-
ratories can be seen; in at least some cases this can be attributed
to unrecognized effects arising from the rotational and/or
translational dependence. These interesting state-specific effects
have immediate practical implications in determining fluorescence
quantum yields for the large number of studies in which these
radicals are detected in practical systems, using the method of
laser-induced fluorescence (LIF). These include measurement
of OH, NH, and CH for combustion applications’ and monitoring
of the OH radical in the troposphere? or stratosphere.?

Two conventions will be utilized throughout. First, the term
quenching is used to denote total removal of the molecule from
a given electronically excited state. This process, whose collisional
rate is measured by the loss of fluorescent photons on either a
time-dependent or steady-state basis, can include chemical reaction
as well as conversion to the nonradiating ground state and /or other
excited states. VET is considered a distinct and different process,
occurring wholly within a particular electronic state. Second, from
the pressure (density) dependence of a pseudo-first-order decay
rate, one obtains a rate constant k in units of cm?® s™. This term
contains an uninteresting dependence on mass and temperature
through the collision velocity, (v) = (8kT/xu)'/2. We can better
examine the effects of different colliders and the influence of
collision energy on the effective interaction between the radical
and collider through the “thermally averaged” cross section ¢ =
k/ (o), in units of cm?, or as usually used here, A2. A subscript
R, V, or Q on k or ¢ indicates the type of process: rotational
energy transfer (RET), VET, or quenching.

Rotational Level Dependence and Collision Complex
Formation in OH VET

The rotational dependence of collisions of a diatomic hydride
was first apparent in experiments on VET in the A>Z* state of
the hydroxy! radical.'? These measurements were made using
spectrally resolved fluorescence scans of laser-excited OH. The
discharge flow system utilized is typical of those employed for
many of these studies. Hydrogen atoms are produced by a mi-
crowave discharge in H, or H,O;, these are then reacted with NO,
to form the OH molecules. Collision partners are added down-
stream of the radical production region and their densities mon-
itored by pressure gauges and flowmeters. Enough time is allowed
to permit the ground-state radicals and the colliders to mix and
to reach translational and rotational thermalization with the cell
walls, the latter condition checked by LIF excitation scans which
measure the rotational population distribution within the ground
state.

In these VET experiments, the beam from a pulsed tunable laser
was directed into the cell, exciting the OH to the v’ = 1 vibrational
level of the A state. This ultraviolet transition, near 282 nm,
requires the use of frequency-doubled dye laser radiation. Typical

(5) Schofield, K. J. Phys. Chem. Ref. Data 1979, 8, 723.

(6) Sianger, T. G. In Reactions of Small Transiens Species; Fontijn, A.,
Clyne, M. A. A, Eds.; Academic Press: London, 1983; p 231.

(7) Crosiey, D. R., Ed. Laser Probes for Combustion Chemistry. American
Chemical Society: Washington, DC, 1980; ACS Symp. Ser. No. 134. Eck-
breth, A. C. Laser Diagnostics for Combustion, Temperature and Species;
Abacus Press: Cambridge, MA, 1987.

(8) Crosley, D. R.; Hoell, J. M. Future Directions for H,O, Detection.
NASA Conference Publication 2448, Dec 1986.

(9) Heaps, W. S.; McGee, T. J.; Hudson, R. D.; Caudill, O. App!. Op1.
1982, 21, 2265. Stimpfie, R. M.; Anderson, J. G. Geophys. Res. Let:. 1988,
15, 1503.
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Figwre 1. Fluorescence scan in the presence of 1 Torr of H, collider,
exciting the N’ = 3, J'= 3!/, Jevel of the o’ = 1 vibrational level in A2Z*
OH. Emission to the right of 3120 A is the (1,1) band and consists
mostly of five strong lines originating from the initially pumped rotational
level, showing that littie RET has occurred. Fluorescence at shorter
wavelengths is the (0,0) band, emitted by OH molecules which have
undergone VET from v’ = 1 to 0. Comparison of the intensities shows
that more VET has taken place than RET in o’ = |.

laser pulse durations in current LIF experiments of this type arc
10 ns. The laser was tuned to a line sufficiently isolated spectrally
that a single rotational level in the upper state was populated by
the laser. The fluorescence at right angles was collected with a
lens system, dispersed with a scanning monochromator, and de-
tected with a photomultiplier. It was then processed with a gated
integration system which recorded signals only during and shortly
after the laser pulse, thereby avoiding background noise (dark
current and light from the discharge) during the long period
between laser pulses, which occur at typical repetition rates of
tens of hertz.

A fluorescence spectrum from this experiment is shown in
Figure 1. Here, the electronic gate is set long enough to integrate
in time over the entire time evolution of the fluorescence pulse
which, in the presence of no added collider, occurs with a decay
time of about 700 ns. This was obtained in about 1 Torr
of added H, collider. The lines to the right of 3124 A are primarily
the (1,1) band, emitted by radicals in the initially pumped v’ =
1 level, while the denser spectrum at shorter wavelengths is the
(0,0) band, due to OH molecules in the v’ = 0 level populated
by VET collisions with the hydrogen. Note that the (1,1) band
comprises five strong lines and a few much smaller ones. The
strong lines all arise from the initially pumped rotational level
N’= 3, and their predominance shows that little RET has occurred
within v’ = 1. However, the intensity of the (0,0) transition
indicates that considerable VET has taken place. Because most
of the OH molecules which remain in v’ = 1 at this pressure are
still in N’ = 3, most of those which have undergone VET have
come from N’ = 3 as well, and the measured VET cross section,
oy, will be specific to that particular level. This competition in
which RET is slower than VET, illustrated clearly in Figure |
for collisions with H,, is the basis for the ability to determine
rotational-state-specific cross sections for VET and quenching in
the diatomic hydride radicals. The intensities of the fluorescence
in the two bands seen in Figure 1 can be integrated to furnish the
populations in the two vibrational levels, which are then readily
analyzed to yield the VET cross sections.

For the colliders H,, D,, and N, the oy are large, 10-25 A?
for the lowest rotational level, N’ = 0. Further, the oy were found
to decrease sharply with increasing N’, falling in the case of N,
a factor of 2 between N’ = 0 and 5. The results for H; and N,
are given in Figure 2, plotted in the form In [oy] vs NAN'+ 1),
a wholly empirical relationship discussed later. This phenomenon
was attributed to the formation of a transitory collision complex
with entrance channel dynamics dominated by anisotropic at-
tractive forces.!2 The lifetime of this complex is not specified,
but it is longer than a rotational period and lengthy enough to
permit a significant amount of scrambling of energy among the
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Figure 2. Cross sections for VET due to H, and N,. The logarithm of
oy is plotted vs N{N’+ 1), i.e., the rotational energy. This empirical
correlation appears to work well for lower rotational levels but not for
higher ones, as shown by the lines.

different vibrational, rotational, and translational degrees of
freedom of both the OH and the collision partner.

The evidence for such a complex is as follows.? The first is
simply the large size of the oy, with a range appropriate to in-
teractions of a highly polar species like A-state OH. This is not
caused by resonant energy exchange. This can be seen by com-
paring the VET cross section of 15 A? by D,, whose vibrational
spacing matches that of OH within 4 cm™', with the oy of the 10
E for H, which has an energy mismatch of 1460 cm™!. Similar
arguments can be applied to N, relaxing OH and OD; further,
the oy vary smoothly with N’ (see Figure 2), not irregularly as
might be expected for resonances dependent upon detailed vi-
brational-rotational leve! spacings. Altogether, the cross sections
are not strongly dependent upon isotope, indicating that the in-
ternal level structure of the collision partner plays little role. (On
the other hand, the compiexes are not so long-lived as to facilitate
chemical exchange, e.g., between D, and OH to yield excited OD.)
The rotational population distribution in v’ = 0, of OH molecules
that have undergone VET, can be described by a temperature,
albeit one which is hotter than the gas temperature: 600-700 K
for H; and D, and 900 K for N,. Further, this distribution appears
independent of the N’ initially excited in v’ = 1. This suggests
a partial conversion of OH vibrational energy into OH rotational
energy, but in a statistical way as might be expected with rapid
energy flow in the four-atom complex. Measurements were also
made of the rate of transfer from v’ = 2. Although less accurate
because of poorer knowledge of the rotational distribution in v
= | resulting from 2 — 1 transfer, they showed definitively for
N, that oy(2—1) ~ oy(2—0) ~ oy(1—0). Relaxing 5800 cm™
of vibrational energy as easily as 3000 cm™ cannot be readily
explained in conventional pictures of VET involving a purely
repulsive interaction potential. Thus, there are several separate
facts, all indicating the existence of a collision complex in VET
of A2Z* OH molecules, a picture which underlies many of the
subsequent concepts and postulates (though not always the results)
concerning collisions of excited diatomic hydrides.

Within this framework of collision complex formation, the
rotational level dependence was explained as follows.!? The polar
nature of the OH molecule leads to a highly anisotropic surface,
having in some orientations deep attractive valleys which can lead
to more efficient complex formation and thereby enhance the VET
process. When the OH is not rotating, it and the collider can easily
find these valleys and lock together to form the complex. As the
OH rotates, however, it averages over the surface during the
approach of the collision pair and washes out the influence of these
particularly efficacious regions. Thus, the decrease in oy with
increasing N’is due to a decrease in the cross section for complex
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Figure 3. Decay constants for v’ = 0 plotted vs pressure of added CO,
collider, for several rotational levels of OH (upper pane!) and OD (lower
panel). The rate constant for quenching is obtained from the slope. and
the intercept is the radiative rate. Note the striking variation of siope
with N’,

formation. Trajectory studies'® on vibrational transfer in HF~HF
collisions indicated that such a mechanism could be operative,
although no such state-specific experimental evidence is available
on that system. The OH results are also in accord with the finding
that oq is independent of the fine structure level associated with
each rotational level in ths 23 state; that is, the effects are due
to the mechanical rotation of the radical.

VET in A-state OH was further studied by German,!! who at
the same time investigated quenching by measuring the time
dependence of the fluorescence signals. For this purpose, a signal
integrator gate width of 50 ns was used and the time delay between
the laser puise and the gate varied to trace out the decay curve.
With increasing collider density and collisional removal of the
excited state, the decay constant becomes progressively faster; its
slope when plotted vs density furnishes the rate constant for the
removal process. Figure 3 shows such plots (taken from a later
quenching study described below). The vibrationless v’ = 0 level
can decay only by quenching and radiation. ¢’ = 1 can be col-
lisionally removed by both quenching and VET; a combination
of lifetime and fluorescence intensity measurements is necessary
to determine both cross sections. German found that the total
removal (oy + aq) from v’ = | decreased with increasing N’ for
the three colliders H,, N,, and O,, in general agreement with the
results of ref 1. A decrease of ¢q for both ¢’ = | and 0 with

(10) Berend, G. C.. Thommarson, R. L. J. Chem. Phys. 1973, 58, 3203.
(11) German, K. R. J. Chem. Phys. 1976, 64, 4065.
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increasing /N’ was also indicated, although the reported variation
is often less than the accompanying uncertainties.

In only two other studies, both of which are much more recent,
has coliider-specific VET of A2Z* OH (or any other radical) been
studied in sufficient detail to permit an examination of the ro-
tational level dependence. These studies again used combinations
of fluorescence scans and time decay measurements. N,, O,, and
H,0, the important colliders for atmospheric monitoring purposes,
were investigated by Burris et al.'? while collisions with H;0, NH,,
CO,, CH,, N,0, N,, SF,, and CF, are described in ref 13. In
general, the findings are in good agreement among all four of these
collider-specific flow cell investigations. The tota! decay from
the excited state decreases with increasing N’ for all colliders (save
the highly polar H,O and NH,, for reasons discussed beiow). A
rotational distribution in v’ = 0 described by a temperature of
750 K for N, collisions was found in ref 13, similar to that reported
in ref 2. However, a close examination of the spectra for different
initially excited N’in v’ = 1 does reveal small differences (sec also
ref 14 for spectra under lower resolution), suggesting a weak
memory.

The variation in oy and oq ., Were separately determined for
CO, (ref 13) and for N, and O, (ref 12). For ali three colliders
it appears that oy decreases less rapidly with N’ than does oq pu),
although in each case 2-0 error bars are compatible with equal
variation. If a collision complex is formed which then leads to
both VET and quenching, the variation of the cross section with
N’should be the same for each process. If different, the depen-
dence for both processes cannot be governed solely by an aniso-
tropic, attractive interaction. This point, although not outside the
uncertainties in a difficult experiment, is a worrisome inconsistency
in an otherwise understandable body of data on VET in A2S* OH.
It deserves further, more careful investigation for these colliders
and others.

The rotational dependence of VET of OH has also been studied
in a flame at atmospheric pressure,'* using steady-state fluores-
cence intensity ratios. CH, was burned in air, and the OH was
excited near the flame front region, so that a variety of collision
partners were present and some temperature gradient was likely
sampled. Spectrally resolved fluorescence furnished relative oy,
which were found to decrease with N’similarly to the flow cell
results.

Attractive Forces and Rotational Level Dependence in OH
Quenching

McDermid and Laudenslager,’ also motivated largely by
quantum yield considerations for atmospheric monitoring of OH,
used the time dependence of the decay of total, unfiltered
fluorescence from the v’ = 0 level 1o determine quenching cross
sections 0Q for the colliders N;, 02. H20, and Hz. A two-chamber
flow cell with differential pumping maintained the background
gas pressures from the OH production at very low values. A
transient recorder was used to record the decay traces at different
collider pressures. This work was the first in which a rotational
level dependence of the quenching could be unambiguously dis-
cerned. It was observed for N, and, less markedly, for O,. In
addition, the measured cross sections are similar in size to the oy
reported in ref 1, 2, and 11. This suggested that quenching too
is governed by anisotropic, attractive forces.

A more extensive study of these effects was conducted in our
laboratory. The cell was also differentially pumped, similar ir.
design to that of McDermid and Laudenslager. A scanning gated
integrator was used in the first set of measurements,'® in which
a lasger set of rotational levels was studied for the same collision
partners and for the deuterated species D, and D,O. A later series

(12) Burris, J.; Butler, J. J.. McGee, T. J.; Heaps, W. S. Cher+. Phys.
1988, /24, 251.

(13) Copeland. R. A.: Wise, M. L.; Crosiey, D. R. J. Phys. Chem. 1988,
92, 5710.
(14) Crosiey, D. R.; Copeland, R. A. Proc. Soc. Photoinstrum. Eng. 1987,
2, 6.

(15) Smith, G. P.; Crosley, D. R. Appl. Op1. 1983, 22, 1428.
(16) Copeland, R. A.; Crosiey, D. R. Chem. Phys. Letr. 1984, 107, 295.
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of measurements'” utilized a transient digitizer and included OD
and a much larger set of colliders. The findings were largely in
accord with expectations from the VET results: large cross sections
for most colliders, varying in a manner consistent with attractive
forces (this could also be anticipated from measurements of oq
at elevated temperature* as discussed below); identical behavior
for deutcrated and protonated species; and a nearly universal
decrease of aq with increasing V',

We first consider the role which attractive forces play in the
quenching process. Unlike VET, where we could examine cross
sections for different ', a lack of resonance effects, etc., we have
here only the variation in cross section among collider (and the
temperature dependence discussed below). The lack of isotope
dependence indicated that the quenching is governed not by in-
terna!l levels but by electronic interactions, and prompted a simple
theoretical examination in terms of attractive forces and collision
complex formation.*'” One such picture, suggested by Parmenter
and co-workers,'® correlates the cross section with the well depth
of the radical—collider interaction. The only experimental well
depth for these excited radical colliders is from a recent study of
OH(A2Z*)~Ar van der Waals complexes.!® A strongly attractive
700 cm™ deep well and several bound vibrational levels were found.
For the molecules studied here, the radical-collider well depths
had to be estimated for correlation purposes by the square root
of the collider—collider well depth, usually obtained from boiling
point data. For OH some correlation can be found.*

However, more successful was an approach adapted from that
used by Lee and co-workers® to describe quenching in SO,. The
mode] was formulated in terms of attractive interactions involving
multipole moments between the excited OH and the collider.
These 72, 4, and r™¢ interactions arise from dipole—dipole, di-
pole—quadrupole, and dipole—induced dipoic plus dispersion forces,
respectively; they can be calculated from known (or reasonably
estimated, if necessary) dipole and quadrupole moments, polar-
izabilities, and ionization potentials. In addition, the potential
includes a repulsive centrifugal barrier /(] + 1)/, where the
collisional angular momentum / can be expressed in terms of the
collision energy and impact parameter. If, for a given energy,
the impact parameter is small enough, the collision pair can
surmount this barrier and form a complex; as it later dissociates,
it will form X2[1; OH part of the time (probability P) and form
A2Z* OH the rest of the time. For this simple one-dimensional
potential, trajectories can be readily calculated and integrated over
a thermal velocity distribution (sec ref 4) to yield a thermally
averaged cross section ocr for complex formation. Then o =
Pace. There is no reason 2 priori to expect P to be the same for
each collision partner, although a large variation among colliders
would invalidate the idea of a collision governed predominantiy
by attractive force, entrance channel dynamics.

A plot of og vs acy for A2ZZ* OH shows a good correlation for
many colliders, with a value of P = 0.5 at room temperature.’’
Notable exceptions are CF, and SF, for both of which oc is near
80 A? but experimental upper limits give oq < 3 A2 Also, N,
has a conspicuously low P value near 0.1. It was suggested that
each of these molecules is efficient at complex formation but
inefficient at mixing the T and II states during the lifetime of
the complex. One would then expect them to be efficient at VET,
which depends only on energy redistribution and not state mixing.
N, was already known'!! to have a large oy, and this was later
found to be true for the fluorinated species as well.!> For large
molecules, including an isomeric set of butenes, the model does
not work.2! Here, the quenching cross sections are larger than
the calculated ocf, a result attributed to a breakdown in the ability

(17) Copeland, R. A; Dyer, M. J.; Crosley, D. R. J. Chem. Phys. 1985,
82, 4022

(18) Lin, H. M.; Seaver, M.; Tang. K. Y.; Knight, A. E. W_; Parmenter.
C.S.J. Chem. Phys. 1979, 70, 5442.

(19) Berry, M. T.; Brustein, M. R.; Lester, M. 1. Chem. Phys. Lett. 1988,
153.17.

(20) Holtermann, D. L.; Lee, E. K. C.; Nanes, R. J. Chem. Phys. 1982,
77,8321, .

(21) Smith, G. P.; Crosley, D. R. J. Chem. Phys. 1986, 85. 3896
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Figure 4. Cross sections for quenching v’ = 0 plotted in logarithmic form
vs the rotational energy, for OH and OD with the two colliders NyO and
CO,. Both isotopes fit on the same curves when plotted in this way.

to describe these molecules by simple pointwise multipole moments.
In spite of these exceptions, it appears safe to conciude that the
quenching of A2Z* OH, like VET in the same state, is often
controlied by attractive forces, which depend on interactions among
the electronic wave functions but not strongly on the internal
vibration-rotation level structure of the collider pair.

The simple model considered only a one-dimensional potential,
with the nonrotating OH and its collision partner aligned in the
most favorable orientation. All of the attractive forces except
dispersion involve the direction of the dipole moment of the OH
so that one expects a high degree of anisotropy. Attractive forces
with distinctive anisotropy are evident in an ab initio calculation®
of the potential for OH(A2Z*) interacting with CO(X'Z*). Thus,
one does indeed expect valleys in the potential surface, along which
the approach is especially favorable. Huo?® assembled a simple
model potential with dipole—dipole interactions in two different
directions, elaborating on our qualitative picture. These trajectory
calculations showed a 25% decrease in o as NV’ increased from
0105.

A plot of decay constant vs pressure of added CO,, for both
OH and OD in v’ = 0, adapted from ref 17, is shown in Figure
3. Theslope, i.c., value of oq, clearly varies strongly with rotational
level. Cross sections were measured for 19 colliders, and a sig-
nificant rotational level dependence was found for all but the rapid
quenchers C,H,, C,H,, C;H,, and CCl,, for which o, is between
80 and 120 A2, The rotational effects were studied for both
isotopes with CO, (Figure 3) and N,0O, the colliders exhibiting
the largest N’ dependence, in the hopes that some mechanistic
insight might be gained. The cross sections are plotted in Figure
4 in the form In [0g(N)] vs the variable BN(N’ + 1), i.c., the
rotational energy. Both isotopic forms fit on the same plot; plots
vs BN, that is, the rotationa! frequency, do not show as good a
correlation. Cross sections with other collision partners, plotted
as in Figure 4, aisu produce straight lines. The results of ref 2,
for v’ =1 — 0 VET, for collisions with N, and H, are eXamined
in the same way in Figure 1. It appears that the mechanism
producing the rotational dependence is the same for both
quenching of ¢’ = 0 and VET from v’ = |,

This correlation, however, does not reveal the details of this
mechanism for there is yet no theoretical basis for this or any other
type of dependence on rotational energy. Conclusions may be
drawn by fitting data to some established relationship; however,
an unknown relationship cannot be proven in this manner. We
stress that, although this correlation with the rotational energy
is reminiscent of an energy gap law, that simple picture is not
applicable here. In the process of VET or quenching of A2X* OH,
some 3000 cm™' of vibrational or 30000 cm™ of electronic energy,

(22) Vegiri, A.; Farantos, S. C.. Papagiannakopoulos, P.; Fotakis, C. In
Selectivity in Chemical Reactions, Whitehead, J. C., Ed.; Kluwer: Dordrecht,
1988; NATO ASI Ser. C24S5, p 393.

(23) Huo, W. Private communication.
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respectively, is converted into other forms. The OH internal energy
thus changes considerably, much more than the maximum value
of 500 cm™! of rotational energy variation involved here. Perhaps
the relationship illustrated in Figures 1 and 4 can be explained
in simple theoretical terms; perhaps insight into its meaning re-
quires investigation through complex numerical trajectory com-
putations on realistic surfaces. We believe that it does reflect the
behavior of the collision partners sampling the entrance region
to the potential surface(s) on which both quenching and VET take
place and hope that such state-specific results will provide detailed,
useful comparison with theory.

Rotational Level Dependence of Quenching in NH

The first direct investigation of the rotational level dependence
of quenching in a hydride other than OH was performed by
Hofzumahaus and Stuh}? on the A, state of the NH radical.
Sequential multiphoton photolysis of NH; by an ArF laser at 193
nm produced the NH directly in the excited state; the nascent
rotational distribution was nonthermal but well-defined with a
maximum population between N’ = 8 and 13. Quenching was
then determined from the pressure dependence of the time decays
of the resulting fluorescence emission following the photolysis laser
pulse. A monochromator dispersed the fluorescence, with a wide
exit slit to detect all Q-branch lines of the (0,0) band. This avoided
potentially complicating effects in the observed time (and pressure)
dependence due to RET among the A-state levels.

Although the translational energy was not measured directly
in this experiment, there is little available from the dissociation
process, so the collision temperature is likely near 300 K. (Because
ag can depend on both rotation and translation, it is important
that both distributions be specified when comparing results. This
is often not possible and has caused confusion in the past; see ref
25 for a discussion of this point concerning various NH quenching
measurements.) Addition of ~100 Torr of N,, found to be a very
inefficient quencher of A-state NH, cools the rotational levels to
a 300 K distribution. In this way, oo were determined for dis-
tributions over both high and low rotational levels for the colliders
H, and NH;; oq was higher by 50% for the lower N’. A subse-
quent study?® included CO and O, quenchers and Ar relaxer, with
similar results. The cross sections are about half those measured
for A2Z* OH with the same colliders and suggest at least for NH,
a significant role of attractive forces. Thus, the same mechanism
probably governs the rotational level dependence in both hydrides.
For CO, no dependence on rotational level was found.?6’
However, the cross section for this collider is much smaller, only
1 A? compared with 70 A? for OH in N’ = 0, and rotational
thermalization likely occurs before quenching thus preventing the
observation of any rotational-level-dependent g,

Quenching of single rotational levels was investigated by using
LIF excitation of NH produced in a discharge flow system;® the
experimental method and apparatus were the same used for the
OH measurements of ref 17. Nine collision partners were in-
vestigated; of these, all but CO, and N,O showed a rotational level
dependence. With the exception of these last two colliders, the
cross sections are between 7 and 100 A? and show some though
not impressive correlation with either the well depth or multipole
model calculations. aq for H;O and D,0 are the same (as are
those for H, and D, measured for a thermal distribution at high
temperature®), indicating again that the internal levels of the
collider are unimportant. From these rotational-level-specific
results®® one can calculate an effective o for a 300 K rotational
distribution to compare with the values measured directly for a
thermal distribution. The calculated cross sections are between
10% and 20% larger than those of ref 24 and 26 for H,, CO, O,,

(24) Hofzumabhaus, A.; Stuhl, F. J. Chem. Phys. 1985, 82, 3152.

(25) Garland. N. L.; Crosley, D. R. J. Chem. Phys. 1989, 90, 3566.

(26) Kenner, R. D; Heinrich, P.; Pfannenberg, S.; Stuhl, F. Marnuscript
in preparation.

(27) Browarzik, R. Thesis, Ruhr-Universitit, Bochum, 1988.

(28) Garland. N. L.; Jeffries, ). B.; Crosiey, D. R.. Smith. G. P.. Copeiand,
R. A. J. Chem. Phys. 1986, 84, 4970.
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C,H,, H,0, and NHj, and the same for CO,, constituting rea-
sonable agreement between two very different methods of de-
termining the same quantity. Recently,” sequential multiphoton
photolysis of NH, to produce ground-statc NH has been followed
by single-level LIF excitation, to directly measure ag(N*) for NH,
collider. Line width measurements® indicate a translational
temperature below 900 K. The results from the Bochum and SRI
laboratories again differ uniformly by this same 20%.

Contrasting with the results from both the photolysis and the
LIF measurements for NH; collider, however, are findings from
a quite different method.?’ Here, the NH was formed from
dissociation of NH, by a beam of 2-keV electrons, and the time
decay of the resultirg emission was monitored through a high-
resolution monochromator. The authors report finding smaller
rate constants for lower rotational levels, noting that this is contrary
to the results of Hofzumahaus and Stuhl. Many rotational levels
are produced in this process although only one fine-structure
component of one rotational level was monitored for each decay
measurement. Thus, RET by the NH; could affect the results,
through simultaneous filling and depletion of the level detected.
However, RET like quenching proceeds more slowly for higher
N’, as shown by a comparison of the results of ref 24 for N’ =
13 (og/0g ~ 0.5) and ref 29 for N'= 3 (o > 0¢), 5o the reason
for this discrepancy is not known.

The cross sections reported in ref 25 exhibit acceptably straight
lines when plotted in the form In [ag(N)] vs N(N’+ 1). From
these plots and also an examination of the resuits for OH, one
finds that the more efficient quenchers show a smaller variation
with rotational level. An explanation for this is as follows. An
especially efficient quencher like polar NH; forms strong attractive
interactions over the entire potential surface, so the complex can
form readily regardiess of approach angle. Thus, the additional
attraction at preferred orientations adds little, and the cross section
is not enhanced for rotationless or slowly rotating radicals, as it
is in the case of a less efficient collider.

The N’dependence has also been examined in measurements™
conducted in low-pressure flames of H, and hydrocarbons burning
in N,O. Although quite different from discharge flow cell con-
ditions, this is a convenient way to study higher rotational levels.
At 14-Torr total pressure, the time decay of LIF following sin-
gle-level excitation was monitored. The quenching rate was de-
termined from measurements at a fixed pressure by subtracting
the known radiative contribution and dividing by the total gas
density. The collisional environment where the NH could be found
ranged from fuel plus N,O near 1400 K to H,O plus N, near 2200
K. A decrease in the total quenching rate of about 5% was found
when N’ was varied from 2 to 12. This result may be duc to a
small N’ dependence of aq for the species invoived (recall that
N,O exhibits none) or a diminished N’ dependence at higher
temperature (as seen for OH-H,O collisions described below).

The rotational level dependence of quenching of the ¢'Il state
of NH has also been investigated. The c state can be produced
by multiphoton photolysis of some precursor or by LIF. In the
latter method, excitation is from the metastable a!A state, formed
in turn by photolysis or in a discharge flow system. Rohrer and
Stuhi* used ArF photolysis of HN, to determine cross sections
for many collision partners. The nascent, hot c-state distribution
was cooled to 300 K by addition of Ar. The cross sections are
very close to those for A2Z* OH (and quite unlike those for A1l
NH) for nearly all the colliders studied. Additionally, ab initio
calculations for NH(c)}-H, collisions® show a distinctly anisotropic

(29) Kaes, A_; Stuhi, F. Chem. Phys. Lent. 1988, 146, 169.

(30) Kaes, A.; Stuhl, F. To be submitted for publication.

(31) Gustafsson, O.; Kindvall, G.; Larsson, M_; Olsson, B. J.; Sigray, P.
Chem. Phys. Leut. 1987, 138, 185.

(32) Rensberger, K. J.; Copeland, R. A.; Wise, M. L; Crosiey, D. R.
Twenty-Second Symposium (International) on Combustion, The Combustion
Institute. Pittsburgh, in press.

(33) Copeland, R. A.; Rensberger, K. J.; Wise, M. L.; Crosley, D. R. Appl.
Opt., in press.

(34) Rohrer, F.; Stuhl, F. Presented at the Ninth International Symposium
on Gas Kinetics, Bordeaux, France, July 1986.

(35) Staemmier, V.; PShichen, M. To be submitied for publication.
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surface. Thus, one might expect a rotational level dependence
like that for OH.

Little N’ dependence has been found, however. Intersystem
transfer, c — A, was investigated for four colliders in both the
absence and presence of added Ar relaxer.3® O, and NO were
found to have smaller cross sections for the 300 K rotational
distribution than for the hot initial distribution. For O,, this was
attributed to resonant energy exchange involving metastablie states
of the collider, but no such explanation could be given for NO.
Quenching by Xe showed no N’ dependence, while that by N,O
was smaller for the higher N’ distribution.

Umemoto et al.3” made quenching measurements by LIF, ex-
citing single levels of ¢'II from the a'A state, which was produced
in the multiphoton XeCl laser photolysis of HN;. The a-state
NH was formed with a large amount of translational energy,
equivalent to a temperature of 10500 K; exciting the c-state
promptly after the photolysis pulse ensures it has this same high
collision velocity. The authors report cross sections for nine
colliders, with 1-o error bars of 17%. No rotational level de-
pendence between N’ = 2 and 8 could be discerned within this
uncertainty. (The results are compatible with those of ref 36 for
N,O, given the error limits in each experiment.) The authors also
describe a large series of oo measurements at a transiational
temperature of 300 K, using He relaxer; however, this produces
at the same time a thermal rotational distribution so that N*-
specific cross sections could not be determined. Therefore, the
lack of an observed N’dependence in NH(c'IT) quenching at high
temperature may be inherent to this state or may reflect a de-
creased N’ dependence at higher collision energy. In either event,
the c'II state should provide useful comparisons with theoretical
models (e.g., ref 35 for H, collisions). Rotational-level-specific
quenching at room temperature, through discharge flow production
of a'A or b'Z* and LIF time decay measurements, is highly
deserving of study.

Rotationa! Level Dependence of Quenching of CH

The rotational dependence of quenching in the CH radical has
been investigated very little, although quenching studies have been
made on both the A2A and B2Z" states. Each can be produced
either by multiphoton photolysis of a suitabie precursor or by LIF
from the ground X?I1 state. In view of the fact that the quenching
of CH(A) appears to be governed by repuisive, not attractive,
forces (see below), its rotational level dependence is of particular
interest.

Nokes and Donovan®® used multiphoton ArF photolysis of
acetone and bromoform to produce CH in A2A. A series of
colliders were examined by using the pressure dependence of the
time decay of the emission foliowing the excimer puise, as in the
NH studies described above. Helium was added to produce
rotational and translational thermalization in most of the ex-
periments. However, one set of measurements®® was conducted
on quenching by H,, in the presence and absence of helium. The
hot initial distribution was found to be quenched more slowly than
the 300 K distribution.

The rotational level dependence of quenching of both the B and
A states was investigated in the same low-pressure hydro-
carbon/nitrous oxide flames described above for NH quenching,
as well as flames burning in oxygen.’2404' In these experiments
the pressures of the flames were varied between 4 and 14 Torr
to determine the quenching rate from LIF time decays. Again,
the collisional environment is far from fully characterized although

(36) Rohrer, F.; Stuhl, F. J. Chem. Phys. 1987, 86, 226.

(37) Umemoto, H.; Kikuma, J.; Tsunashima, S.; Sato, S. Chem. Phys.
1988, /20, 461; 1988, /25, 397.

(38) Nokes, C.; Gilbert, G.; Donovan, R. J. Chem. Phys. Letr. 1983, 99,
491. Nokes, C. J.; Donovan, R. J. Chem. Phys. 1984, 90, 167.

(39) Donovan, R. J. Private communication.

(40) Crosiey. D. R.; Rensberger, K. J.; Copeland, R. A. In Selectiviry in
Chemical Reactions; Whitehead, J. C., Ed.; Kluwer: Dordrecht, 1988; NATO
ASI Ser. C245, p 543.

(41) Rensberger, K. J.; Dyer, M. .. Copeland. R. A. Appl. Op:. 1988, 27,
3679.
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the quenching rate was found to vary little with position in the
flame (i.c., with temperature and composition). The A2A
quenching rate decreases 9% and 16% when N’ increased from
2 to 12 for the fuels CsH, and C;H,, respectively. A slightly larger
decrease was found for the B2Z™ quenching rate in each flame.
Flames burning CH, showed no N’ dependence. Earlier
steady-state fluorescence intensity measurements*? in atmospheric
pressure flames had indicated a decrease in oq with N’, whereas
no N’ dependence was discerned for VET or B — A transfer.

KrF laser photolysis of acetone was also used to generate and
measure the quenching of CH(A2A) by that same parent mole-
cule.? Rotationally resolved emission spectra indicated a dis-
tribution over vibrational and rotational levels of A2A and an
approximately equal amount of B2Z~. The R-branch lines show
a smoothly decreasing oq between N'= 4 and 8, and the Q-branch,
which also includes N’ = 2 and 3, a somewhat larger value.
Although the overlap of emission from the (1,1) and (0,0) bands
in both branches and the possibility of B — A transfer complicate
the interpretation in terms of A-state quenching alone, there
appears a definite dependence on rotational level.

Other Diatomic Hydrides

To our knowledge, in only three other cases involving diatomic
hydrides has the rotational level dependence of quenching been
considered. Nedelec and co-workers have studied quenching and
RET in a large number of metal hydrides, using spectrally and
time-resoived LIF in hot discharge cells. The species have included
BH, NaH, KH, AlH, CdH, MgH, ZnH, and HgH. Only for the
A'Z* of the NaH molecule® was any rotational effect on
quenching investigated. The authors made measurements with
H, collider on N’= 6 and 12 in v’ = 11 and report that o “did
not depend appreciably”™ on rotational level. The RET cross
sections are similar to those for quenching, not only for this
molecule but also*® for KH(A'Z*). Thus, if a rotational level
dependence exists, perhaps for other v’ or another collision partner,
it should be observable. This could be very interesting in that these
pseudo-two-electron molecules may be amenable to simple the-
oretical treatment.

LIF time decay measurements have also been performed on
quenching of the A*Z* state of the LiH molecule.* The collider
was Li, present in the heat pipe used for formation of the hydride.
The rotational level dependence of aq in the v’ = 5 and 6 levels
which were investigated is quite marked, owing to sharp resonant
transfer producing Li atoms in the 22P level and not the type of
collision dynamics postulated for OH, NH, and CH. However,
the theoretical tractability of this small species makes it a most
attractive candidate for further study in other v’ and with other
collision partners.

The B2Z* state of the OH molecule can be made to fluoresce?’
by means of laser excitation from high-lying levels of the ground
state, for example 0” = 8 or 9 produced in a discharge system
by the H + O, reaction. Collisional removal of the excited state
by Ar and He varies markedly with N, but this has been attributed
to rotational transfer into and out of rotational levels which rapidly
predissociate. :

Rotational and Temperature Dependence of Quenching of OH
by H,O

Quenching of A2Z* OH by the water molecule is an important
subject for study from a practical standpoint, i.c., quantum yields
in combustion and atmospheric processes, as well as for funda-
mental reasons. Considering only LIF experiments with single-
level excitation made on N’ = 0, one finds one pair of measure-
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Figure 8. N'dependent quenching rate constants for v’ = 0 over a large
temperature range: squares; N’ = 3; circles, N’ = §; triangles, N’ = 16.
The points at 300 K are for H,O collider (from ref 48). Those at higher
temperature are from flame studies (ref 52). At the highest temperatures
the quenching is due to H,O, although hydrogen atoms contribute sig-
nificantly at 1200 K. Comparing the points at highest and lowest tem-
perature shows that the rotstional level dependence present at 300 K has
disappeared at 2300 K.

ments*!! reporting oq *= 65 A2 and another pair'*4® where a value
of 90 A2 was found. The pressure of H,O is notoriously difficult
to control and measure accurately in flow systems, and so values
this diverse are not surprising.

Cleveland and Wiesenfeld® photolyzed O, to product O('D)
atoms which react with H,O to produce OH in high rotational
levels of both v” = 0 and 1 of X2II;. A tunable laser was then
used to excite the OH to specific N’ of both v’ = 0 and | in the
A state; time decay measurements as a function of H,O density
furnished o for each vibrational level. (Recall that for H,0 aq
~ 100y.) The results agree excellently with those of ref 13, 16,
and 17, which were made between N’ = 0 and 7. These mea-
surements continue to much higher N', showing a further drop
in 0g to N’ = 12 and then a constant value up to N’ = 19. This
is very much like the behavior of oy at high N’ for H; and N,
colliders (see Figure 1). Apparently, for sufficiently fast rotation
the averaging of the surface becomes complete, and a further
increase in N’ causes no further decrease in efficiency.

Unfortunately, the OH translational energy in this experiment
is not known accurately. The O('D) + H,O reaction forms OH
with an effective translational temperature® of 3500 K. The
quenching measurements were performed with 1.25 Torr of added
He, 2 us after the photolysis laser. At this delay, 8 Torr of He
thermalizes low rotational levels® and surely translation too, but
the effects for higher N” and at the lower pressure were not
measured directly.

Quenching of OH has also been investigated®'? in low-pressure
flames of H; burning in mixtures of O, and N,O. The method,
as for NH in flames, was LIF time decay at a fixed pressure (here
7 Torr) with subtraction of the radiative component. In the
reaction zone®! a noticeabie dependence of the quenching rate on
N’ was found. The degree varied with position and thus with
collider and temperature in this complicated environment. In the
burnt gases,’? the use of mixtures of the two oxidants permitted
the temperature to be adjusted between 1200 and 2300 K. The
aq for three N’ from this experiment are shown in Figure 5. Also
included are the H,O quenching results of Cleveland and
Wiesenfeld, assuming a 300 K translational temperature for their
measurements. Because the gas composition in the flames varies

(42) Garland, N. L.; Crosiey, D. R. Appl. Opt. 1985, 24, 4229.

(43) Hontzopoulos, E.. Viahoyannis, Y. P.; Fotakis, C. Chem. Phys. Lett.
1988, /47, 321.
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(45) Giroud, M.; Nedelec, O. J. Chem. Phys. 1982, 77, 3998.

(46) Wine, P. H.; Melton, L. A. J. Chem. Phys. 1976, 64, 2692. Tbbs, K.
G.. Wine, P. H.; Chung, K. J.: Melton, L. A. J. Chem. Phys. 1981, 74, 6212.

(47) Sappey. A. D.; Croslsy, D. R.: Copeland, R. A. J. Chem. Phys. 1989,
90, 3484. Ga7
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(50) Cleveland, C. B.; Jursich, G. M_; Trolier, M.; Wiesenfeld, J. R. J.
Chem. Phys. 1987, 86, 3253.
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Figure 6. Cross sections for quenching of OH A2Z*, p’ = 0, showing a
decrease with temperature. For each of the 11 colliders studied at both
temperatures, the elevated temperature cross section at 1100~1200 K (ref
4 and 21) is plotted vs the 300 K value (ref 17). The room-temperature
value for N’ = § is plotted to minimize effects due to the rotational
dependence; at 1200 K, the most probabie value of N'is 4.5.

along with the temperature, a flame chemistry model is needed
for interpretation, and even then ambiguities remain. However,
three important conclusions can be drawn. First, the average oq
for H,O decreases between 300 and 2300 K; second, quenching
by H atoms is significant, with an average aq = 16 A2 at 1200
K. Finally, the magnitude of the N’ dependence for H,0
quenching diminishes with increasing temperature: at 300 K,
oq{N'=3)/0q(N'=16) = 1.7 % 0.2 while at 2300 K the ratio is
1.02 £ 0.04.

This variation is consistent with our hypotheses about the
collision dynamics. The oq for each N’ should decrease with
temperature due to the governance by attractive forces (sec below).
However, that for low N’should decrease faster than for high N’.
This is because, at a higher collision velocity, the enhancement
due to the preferred orientations is less effective, in the same way
that it is inhibited by faster rotation.

A separate measurement® of the N’ dependence of quenching
of OH by H,0 is in conspicuous disagreement with the results
of Cleveland and Wiesenfeld (see Figure 3 of ref 48) and the
mechanistic interpretation above. Multiphoton photolysis of H,O
at 248 nm produced A2Z* OH, and rotationally resolved emission
was monitored. Time decay as a function of pressure was used
to obtain oq for N’ = 6-17. The results show nearly constant oq,
within quoted error bars, for H,O, N,, and CO colliders, although
the authors suggest that for H,O there is a significant increase
with N’ for high N°.

Temperature Dependence of Quenching in OH

Collisional processes governed by attractive forces and complex
formation have cross sections that decrease with increasing ap-
proach velocity. In contrast, when a potential barrier or repulsive
wall dominates, the cross section will increase. Therefore, a
determination of the velocity or temperature dependence provides
important evidence regarding the nature of these intermol r
forces.

This connection, which had been considered for quenching of
glyoxal,'83 was the motivation for the initial measurements of
oq for OH A2Z" at clevated temperatures. These were performed
in a laser pyrolysis/laser fluorescence (LP/LF) system.® A
mixture containing SF,, H,0,, and the collider was irradiated with
a pulsed CO, laser. The infrared radiation is absorbed by the
SF, and rapidly thermalized, thereby flash heating the system
to temperatures as high as 1400 K; OH is formed by the pyrolysis
of the peroxide. With proper attention to gas-dynamic processes
following the initial heating, one has a homogeneous sample at
high temperature in which to perform quenching studies using
the time decay of LIF signals. The SF, is (fortunately!) a very

(53) Papsgiannakopoulos, P.; Fotakis, C. J. Phys. Chem. 1988, 89, 3439,

(54) Parmenter, C. S.; Seaver, M. Chem. Phys. 1980, 33, 333.

(85) Smith, G. P.; Fairchild, P. W_; Jeffries, J. B.; Crasiey, D. R. J. Phys.
Chem. 1988, 89, 1269.
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Figure 7. Experimental and calculated temperature dependence of
quenching cross sections for o’ = 0 for collisions with CO, (upper panel)
and N, (lower panel): triangles, ref 4; open squares, ref 21; circles, 300
K thermal average calculated from the results of ref 17; filled squares,
ref 6. The caiculated temperature dependence arising from the shift in
the N’ distribution together with the N’ dependence of 6q at 300 K is
given by the short dashes. The calculated temperature dependence
predicted by the multipole interaction model is shown by the long dashes.
The solid line exhibits the combination of the both effects.

inefficient quencher but quite effective at RET. Therefore, the
LP/LF results are for a thermal distribution in the excited state
at the experimental temperature (obtained from excitation scans
yielding T oecona in the ground state of the OH), and N’-specific
cross sections cannot be determined.

In ref 4, o are reported for 11 quenchers at temperatures near
1100 K; some redeterminations and extensions to larger hydro-
carbons are given in ref 21. For a proper comparison of these
thermally averaged oq with those at lower T, one must consider
also the rotational dependence which, however, is known only at
300 K. In Figure 6, the thermally averaged oq at 1100-1200 K,
determined by LP/LF, is plotted vs oq(N’=5) measured at room
temperature; this is the rotational level most highly populated at
the elevated temperature. oq decreases in all cases.

The temperature dependence of quenching was also investi-
gated®® at lower temperatures, 230~310 K, for the colliders H,,
N,, O,, and CO,, by cooling with dry ice the flow cell described
carlier. Argon was added at a pressure of 8—10 Torr 50 a thermal
excited-state rotational distribution was always maintained. oq
for NH; was measured®” over this range in the flow cell and also

(56) Copeland, R. A.; Crasley, D. R. J. Chem. Phys. 1986, 84, 3099.
. (57)8.len'ris, J. B.; Copeland, R. A.; Crosley, D. R. J. Chem. Phys. 1986,
S, 1898.
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between 800 and 1450 K, using the LP/LF system. The results
for CO, and N, (including the other LP/LF results*?’) are shown
in Figure 7.

As T increases, the thermally averaged oq decreases due to two
effects. First, the attractive nature of the forces causes an inherent
decrease for any N, second, the distribution shifts to higher N’
which have lower aq at any T. The lines with long dashes in Figure
7 show the change from the first cause, calculated by use of the
one-dimensional multipole interaction model. The lines with short
dashes show the amount of decrease from the shifting distribution,
assuming ;-crhaps incorrectly, as discussed above) the N’ de-
pendence does not vary with T the solid lines represent the
combined effect. In each case, tiie calculated values are matched
to the experiments at 300 K. It appears that, even with these
simple ideas, we understand reasonably well the attractive in-
teractions for CO, collider. Other gases, save N, also fit this
picture; see Figure 6 and ref 21, 56, and 57.

N, exhibits a much sharper decrease than the other coil. Jers,
which can be explained as follows. Nitrogen also quenches
anomalously weakly; that is, a complex is formed but the Z-11
state mixing is not strong for N,. At low T and thus lower collision
energy the complex lives longer, allowing the collider-induced state
mixing perturbation to last longer, but there is not enough time
to effect sufficient mixing at the higher temperature. That is,
for N, the probability P for quenching decreases with de -easing
complex lifetime and with increasing 7. In contrast, CO, and
other colliders are so efficient that the Z-II mixing is co- 'plete
even for the shortest lived complex, and P is independent of 7.

As one approaches much higher collision energies, and less
effective quenching due to the attractive force interactions, the
repulsive wall of the potential may begin to play a role in the
quenching. For such a mechanism, oq wiii become constant and
eventually begin to increase with further increzse in 7. A constant
or nearly constant value of gq at high T is consistent with the
combined LP/LF and flame results for H,0 quencher,’? and an
incregsc is hinted at in quenching by NH, at elevated tempera-
ture.

The temperature dependence of VET in excited OH (or the
other hydrides) has not been investigated. Besides its fundamental
interest, it has practical significance for LIF monitoring of OH
for both combustion and atmospheric chemistry. From the picture
developed thus far, we expect a variation in oy similar to that in
og for most colliders. For N,, where the vibrational-state mixing
is efficient in contrast to the ineffective electronic-state mixing,
we anticipate 2 much smaller temperature variation in oy than
was found for aq.

Temperature Dependence of Quenching in NH, PH, and CH

LIF decay measurements® in the LP/LF system were also used
to study quenching of the A’II; state of NH ai 1400 K; the radical
was produced by addition of small amounts of NH;, which reacted
with F atoms formed by pyrolysis of the SF,. The rotational
population is thermal, with N’ = 5 most highly populated at this
temperature, and so comparison should be made with the room-
temperature values of oq for this level.?® As for OH quénching,
NH, shows a large decrease, from 80 to 26 A2 There are also
decreases for CH,, CO, and O,, but CO,, N,0, and H, exhibit
no temperature dependence. For H,O collider, comparison can
be made betweern the room-temperature results and the flame
measurements:¥? agq(N'=6) at 300 K is about twice the upper
limit of 17 A2 measured at 2300 K. Thus, for the colliders that
have evident dipole—dipole attractive interactions and large cross
sections, increasing the temperature produces a decrease in og.
This is in accord with the picture constructed {or OH quenching.
For nonpolar colliders, however, the behavior is varied, and the
mechanism must involve more than simple complex formation with
a constant [1-Z mixing interaction. This does not invalidate the
explanation developed to describe the N’ dependence, however.
The initial stage of tne collision could still consist of entrance
channel dynamics on an anisotropic attractive surface, with the
probability P of quenching controlled by s' '.scquent, partner-
dependent state mixing within that complex.

T ———————
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Quenching of thermal NH(A 'I1;) has been studied* at 300 and
415 K. for the same set of colliders listed above plus C;H,. The
excited state was formed by photolysis of NH; in the presence
of 100 Torr of Ar which produces thermalization but not
quenching. Between these temperatures oq decreased 10-25%,
depending on collider, exci = . ‘or CO,. The shift in rotational
distribution between these two temperatures can account for only
a 2-5% decreas-.

The A, state of the PH radical is similar that of the isovalert
NH. It too has been studied*® at these same temperatures, 300
and 415 K, using 193-nm photolysis of PH; in the presence of
Ar as the rotational relaxer. Individual o are similar though not
identica) with those for NH(AIL), including small values for both
N,0 and CO,. For other molecules there is a 20-30% drop in
aq between these two temperatures. N, is especially intecesting.
It did not quench NH (oq < 0.006 A?) but does quench PH with
a small gg of 0.6 A? at 300 K. However, at 415 K, this has
dropped to 0.36 A2, as for OH, quenching by this inefficient
collider exhibits an especially large temperature dependence. One
would then expect aq to be much larger at cold temperatures and
also to find a measurable value for NH in a sufficiently cold cell.

The c'I1 statc of NH has 2 collider specificity of og which
mimics that of A2Z* OH, as noted above, and onc might weii
expect a milar collision energy dependence. Two sets of LIF
measurements have been made,?” one exciting from a'A at an
equivalent translational temperature of 10500 K and the other
thermalized at 300 K, using Ar relaxer with a time delay following
the photolysis laser. Recall that no rotational level dependence
could be discerned ~t the higher temperature; if true for all T,
a direct comparison is possible. For all nine colliders investigated,
oq was smaller at the higher energy; the amount of decrease
ranged from 60% to 80%.

The temperature dependence of the quenching of A2A CH is,
iiowever, quite different. Several investigations at different tem-
seratures have inciuded enough common colliders to form com-
parisons. 1n those at room temperature, excimer laser phototysis
formed the excited state directly, and decay time measurements
in the presence of a thermalizing rare gas furnished og. Results
are available from ArF photolysis of acetone®® and acetone or
bromoform:.™® and from KrF photolysis® of CH,Br,. The results
from these three studies, tabulated in ref 60, spread over about
a factor of 2 for common colliders; this is nonetheless suitable for
an examination of the temperature dependence. Excimer laser
dissociation of acetone and thermalization by Ar were also used?
to measure oq for several :'iders at the elevated temperature
of 415 K.

Quenching of this state has also been studied at higher tem-
perature. Tae LP/LF method®' was used for measurements at
1300 K, producing the radical by the reaction of added CH, with
F atoms formed in the SF pyrolysis. In addiuon, upper limits
for oq have been obtained near 1800 K in the low-pressure flame
system’2* for H,0, N,, and CO,. (These replace earlier values®
where the ability to obtain only limits from these flames had not
been recognized.)

Altogether, one has cross sections at different temperatures
available for those three colliders and for H;, O,. CO, N,0, and
NH;. For polar NF |, g decreases slightly between 300 and 415
K and 30% further by 1300 K. The temperature dependence of
oq for CO, O, and H,0 is ambiguous, possible differences are
smaller than error bars, and the interpretation depends on the
choice of 6q at 300 K from among ref 38, 59, or 60. The other
four colliders, however. show an increase in o as the temperature
increases. The changes are dramatic: ¢q doubles between 300
and 4!5 K and increases another factor of 5-20, depending on
collider, going to 1300 K. The cross section limits at 1800 K are
yet higher. This behavior is that expected for a collision governed
by a potential barrier or repulsive wall. Assuming that barrier

(58) Kenner, R. D.; Plannenberg, S.; Stuhl, F. Manuscript in preparation
(59) Heinrich, P.; Kenner, R. D.; Stuhl, F. Chem. Phys. Lett. 1988, 147,
57s.
(60) Becker, K. H.. Wiesen, P. Z. Phys. Chem. (Munich). in press
(61) Garland, N. L.: Crosiey, D. R. Chem. Phys. Let:. 1987, 134, 189
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is responsible, its height m.y be obtained through an Ar-henius
plot; the results of such an analysis?® show activation energies
ranging from 2 to 4 kcal/mol.

The temperature dcpendence for quenching A2A CH is thus
very different from that of the other rad:zals. For all colliders
investigated, A2Z* OH and c'II NH show a decrease in og with
increasing 7, and a decrease is found in most cases for quenching
the AII, states of both NH and PH. This indica.ion of the role
of attractive forces makes sense, at least for the A states of OH
and NH, in view of their dipcie moments, 2.0 and 1.3 D, re-
spectively. However, the A state of CH has a comparable dipole
moment of 0.9 D. Thus, if a mechar.ism involving long-range
attractive forces and complex formation is responsible for
;menching of the other radicals, a simple view would suggest it
should be for CH as well. This appears true for the polar collider
NH; buw aot H,0, while in most other cases the quenching seems
to be governed o a barrier, even though the cross sections are
fairly large, a few A2 Therefore, the collision must invoive more
complicated interacuons than only long-range attractive forces.
We do know th.  such an extension of these simple collision
complex ideas breaks down in another case for these same species,
the comparison of VET in the excited and ground®? electronic
states of OH. For the polar colliders NH; and H,0, oy for the
X201, and A2Z* states are quite similar. However, for other
colliders, VET proceeds 100~1000 times more slowly in the ground
state. Both states have comparable dipole moments (that of the
X state is 1.7 D), so in this case more than just the long-range
part of the potential must be involved.

Recall that. like NH and OH, CH exhibited a decrease in oq
with increasing N’ Therefore, it appears that in CH the surface
is also anisotropic. Perhaps a complex is indeed involved, with
entrance channel dynamics controlling its formation, but if so,
then the A-II state mixing within the complex must be governed
by some repulsive interaction occurring on a different region of
the potential surface.

Summary

We have reviewed experiments investigating the rotational level
and translational energy dependence of ollisions of electronically

(62) Rensberger, K. J.; Jeffries, J. B.; Crasley, D. R. J. Chem. Phys. 1989,
), 2174,

Crosley

excited states of simple diatomic hydrides. For prucesses of
quenching and VET that proceed more rapidly than rotational
thermalization, the cross section decreases with increasing N,
suggesting an anisotropic potential surface. For A’Z* OH, there
exists considerable evidence svggesting the role of long-range
attractive forces, including a decrease in o with increasing tem-
perature, and it appezrs that collisions of this molecule are rel-
atively well descrioed by such a simple picture. For NH and CH
matters are more complex. The N’ dependence again suggests
orientational effects, but the variation with temperature is not
uniform and clearly indicates repulsive forces for CH. Such
variations in behavior among ntherwise similar radicals, between
two excited states of the same radical (NH), and for various
collision partners are not simply explained. They should therefore
provide good tests of more detailed theoretical treatments of the
collisions of these small, computationally tractable species. Several
useful future experiments are immediately evident, such as the
N’ dependence of quenching of NH(c'I1) at room temperature
and the temperature dependence of VET in OH(A2Z*). As more
information becomes available, these unusual effects in these
interesting excited diatomic hydride species should continue to
enhance our knowledge of molecular collision dynamics.
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LASER-INDUCED FLUORESCENCE AND DISSOCIATION OF ACETYLENE IN FLAMES

George A. Raiche, David R. Crosley and Richard A. Copeland
Molecular Physics Laboratory, SRI Intenational
Menlo Park, California 94025

ABSTRACT

Laser-induced fluorescence and photoinduced dissociation of acetylene is
observed in both room temperature cells and low-pressure flames. Acetylene is excited
via the A-X electronic transition between 210 and 230 nm. The fluorescence exhibits
Jong vibronic progressions due to the different equilibrium geometries; acetylene is
trans-planar in the A state and lincar in the X state. Intense fluorescence from
electronically excited carbon radicals (C}) is also observed upon resonant excitation of
C2H3 at room and flame temperatures. In addition, a non-resonant laser-induced
production of Cj is observed in the flame. The effects of C2Ha pressure (i.c.,
clecronic quenching) and laser fluence on fluorescence are examined.

INTRODUCTION

Acetylene is an important chemical intermediate in hydrocarbon combustion and
is likely a key species in soot formation. Although its fundamental spectroscopy and
photophysics have been well studied,! its optical detection in the high tcnmcmure
environment of flames has proven difficult.2 Acetylene absorbs at many discrete
wavelengths in the 210-240 nm region and fluoresces throughout the ultraviolet in the
A-X electronic system. In multiphoton experiments at 193 nm C2H3 photodissociates
into electronically excited C; and CH* radicals that emit throughout the visible.?> We
report here on the detection of C2H2 in both Jow-pressure flames and a room
temperature flow cell via laser-induced fluorescence (LIF) and photodissociation
methods. In these experiments the output of a frequency-doubled excimer-pumped dye
laser (210 to 240 nm) excites CaHy, and the resulting fluorescence is dispersed by a
monochromator and monitored with a photomultiplier tube. The amplified signals are
then captured by a transient digitizer or a boxcar integrator.

ACETYLENE FLUORESCENCE AND PHOTODISSOCIATION

We have observed strong fluorescence signals from both acetylene and G
following resonant excitation of rotationally resolved vibronic bands in the CgHz?K-X
electronic system. The ultraviolet and visible emissions resulting from excitation of the
v3 = 4 level of the A-state at 215.9 nm are depicted in Figure 1, which has not been
corrected for the wavelength response of the detection setup. The dominant features in
the spectrum are emissions from the Cz Swan (d31g-a3T1,) and Deslandres-d’Azambuja
(CM1g-AM1,) systems, although C2Hz A-R LIF is also observed. The C3 emission
signals rise promptly with the laser pulse, indicating a unimolecular mechanism for
formation of both excited states. Higher resolution emission scans reveal vibrational
structure and show population up to v = 3 in the C state and v = 6 in the d state.

The apparent ratios of the C; to CaH) signal intensities are the result of three
experimentally controlled parameters: CoHp pressure, laser fluence, and excited
vibrational level in the A state. From the temporal evolution of fluorescence for the
different emissions, individual decay constants are determined by fitting the decay to a

e 198 Awnenican bostitute of Physies
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single exponential, while phenomeno-
logical total removal rate constants are
taken from the slope of the line relating
Co (03Mg-aM,) these decay constants to C2H pressure.
—l— The int ts correspond to the
radiative lifetime. We find that the
emission from Czle is rapidly quenched
(-5 x 10-10 f:nh:* :3 for vy =3) wlélc
quenching of the C and d states of C3 is
C2 (€Ml A'MW) approximately two and four times
slower, respectively. At the ~1 Torr
CoM2 pressure of Fig. 1, the C3 d-state signal
1s enhanced relative to the other
N R T S emissions and probably will be stronger
200 300 400 500 600 700 in higher pressure flame conditions.

WAvéiLgE‘:S TlH (rm) Another contribution to this ratio
is the non-linear nature of the C3

production mechanism. While a detailed mechanism has not been isolated, the
energetic requirements of the dissociation of C2H3 to C3 (C, d) dictate that at least one
additional photon must be absorbed by the A state in order to photodissociate to
electronically and vibrationally excited Cz. In this wavelength region, we observe C3
production only with resonant excitation of the A state. In fact, dissociation through a
141 mechanism would require the concerted elimination of Hy, an unlikely event. A
more likely scenario involves absorption of one photon to the A state and two more
photons by the A state (or a rapid predissociation product, possibly C2H) to allow .
sequential elimination of hydrogen. Our power dependence studies indicate that the C3
signal scales approximately as the laser power squared, while the CoH3 signal is
slightly less than linear between ~0.2 and 2.0 GW cm2. Because of these different
laser power functions, the C3 signals are strongly enhanced at high power and tight
focusing (Fig. 1, ~5 GW cm-2).

The ratio also strongly depends on the C2Hj excitation wavelength. For a fixed
laser power C3 signal intensity increases with increasing v in the A state. At~1.4 GW
cm-Z, the C3 signal varies from approximately five times the C2Hj LIF signal to .
negligible, as excitation in v3 varies from 3 to 1 quanta. An apparent threshold for C;
production, observed between vj =1 and V§ = 2 (231.0 and 225.6 nm, respectively),
is consistent with an excitation mechanism that involves a rapid predissociation from
CH3 A (0 a C; precursor, possibly C2H. In summary, high pressures, high laser
fluence, and shorter excitation wavelengths all favor the production of C3 emission
over CoH, LIF.

EMISSION INTENSITY

ACETYLENE FLAME STUDIES

All of the above-mentioned factors determine that C5 emission may be a very
suitable diagnostic for C2H2 flame concentrations. Our studies have shown that the
excitation spectrum of acetylene, useful as a "fingerprint” in room temperature
experiments, can also be used to identify acetylene in the flame environment with
rotational resolution. Using C3 laser-induced emission as the acetylene diagnostic, and
tuning to a known CyH; transition, we measure a one-dimensional spatial distribution
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of C3 signal in a stoichiometric, 3 Torr
O I ot v oa AT 1B S ‘C:?;Hyjoz flame. Figure 2aissucha ?roﬁlc of

cmission intensity as a function of the height
of the laser beam above the burner surface.
These profiles are useful as maps of acetylene

SoRANCE concentrations in flames only to the extent that

E O G AT s e the C3 emission signal can be directly related to
H _f\ﬂ'\w___._ C5H3 concentration. Room temperature C5

4 production is strictly a resonant process through
s Cz\g;; however, the laser-correlated production
I3 of C; in flames is observed even when the

; O o s excitation laser is tuned off a C2H2 resonance, as

shown in Fig. 2b. This nonresonant
excitation constitutes an interference to its usc as
a diagnostic for acetylene. In Fig. 2a note the
L . X sharp rise and slower decay of the signal over ~5
° . s 12 mm. In Fig. 2b note the slow signal rise, which
we also attribute to C3 emission. Since the non-
resonant background signal is not a strong
Figure 2 function of laser wavelength, it also contributes
to the Fig. 2a signal which therefore represents the sum of the resonantly and
noaresonantly produced C5 emissions. A subtraction, representing the emission
direcdy auributable to Czliz excitation, is shown in Fig. 2c. Note the sharp rise and
decay of the emission signal, indicating the rapid consumption of acetylene in the flame
front. Clearly, some of the C3 laser-induced emission observed in the flame cannot be
dn'e_ctly attributed to Co2Hj excitation. The emission spectrum of the nonresonant
excitation is identical with that of the resonantly-produced emission, suggesting a
common excitation pathway following thermal or laser-induced dissociation of C2H;.
In most flames this interference has not hampered our detection of C2Hj, and upon
further investigation should prove interesting in its own right.
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SINGLET CH,IN LOW-PRESSURE METHANE/OXYGEN
FLAMES
Andrew D. Sappey, David R. Crosley, and Richard A. Copeland
Molecular Physics Laboratory

SRI Intemational
Menlo Park, California 94025

ABSTRACT

Methylene, CHy, is a chemically important intermediate in hydrocarbon combustion
but has previously eluded optical detection in a combustion environment. The CH; signal
as a function of height above the burner surface in a premixed, laminar, methane/oxygen
flame (5.6 Torr and fuel equivalence ratio = 0.88) is measured by laser-induced
fluorescence (LIF) in the Slﬁl-ﬁlAl electronic system. The & state which lies ~3165 cm-}
above the ground state is populated at the high temperatures of the flame (800-1800 K).
Although less than one photon for each laser pulse is detected, we can unambiguously
attribute the LIF features in the region 450 to 650 nm to CH» by both scanning the
excitation laser and dispersing the fluorescence. LIF temperatures and CH and OH LIF
concentration profiles are also obtained for the flame. The CH3 radical concentration
maximum occurs closer to the burner than that of either OH or CH, as expected from

models of methane combustion chemistry.
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INTRODUCTION

The methylene radical, CHp, is generated during the early stages of hydrocarbon
fuel ignition and decomposition. Although many reactions of CH have been studied at
room temperature,! the precise role of methylene in the combustion process remains
uncertain due to a lack of information on high temperature rate constants. Even so,
methylene has been implicated in the buildup of higher hydrocarbons and ultimately the
formation of soot.2> Methylene is fundamentally interesting because of the relationship
between electronic structure and reactivity. It has two low-lying electronic states, the triplet
ground state, X3B;, and the metastable 4!A singlet state, which lies ~3165 cm! above the
X state# and is mare reactive.5 These two states may act independently; therefore, the
kinetics and energy transfer of the two states may need to be individually considered in
reaction kinetic mechanisms.

Clearly, detection of methylene in a well characterized combustion environment is a
highly desirable goal. Unfortunately, the only known triplet excited state of CHj lies at
such high energy® (~88,000 cm'1) that excitation with lasers from the ground state is not
ieasible under combustion conditions. However, in room temperature cell experiments,
laser-induced fluorescence (LIF) has been observed in the b1B1-81A; system of singlet
CH; created directly in the & state by the photodissociation of either acetic anhydride or
ketene.7-10 This system is observed throughout the visible region of the spectrum.
Approximately 1% of i..c CHz molecules will be in the metastable & state at combustion
temperatures if the singlet and triplet states equilibrate.

We report the first optical detection of singlet CHp in a combustion system. We
excite the (0,14,0)-(0,0,0), (0,16,0)-(0,0,0), and (0,20,0)-(0,0,0) vibrational bands

1-2




[(V}.V5,V3)-(V],V3,v3)] of the b-3 electronic system in a 5.6 Tom, ¢ = 0.88
methane/oxygen flame. The fuel equivalence ratio, ¢, is defined as the mole ratio of fuel to
oxidizer taking into account flame stoichiometry. The largest signal is obtained by exciting
the Z-I1 Q bandhead of the (0,16,0)-(0,0,0) vibrational transition at 18597 cm-! and
observing fluorescence with a filtered phototube centered on the (0,16,0)-(0,1,0) band.
Even this signal only amounts to one CH; fluorescence photon every 3 to 5 laser pulses.
Factors influencing the signal are discussed. Methylene signal levels decrease as a function
of increased pressure and/or increased fuel equivalence ratio. We observe many
unassigned transitions at least one of which is larger than the assigned (0,16,0)-(0,0,0)
features, underscoring the need for a thorough understanding of the spectroscopy of this
complicated, highly perturbed molecule for diagnostic purposes. Relative concentration
profiles of OH, CH, and CHj for this flame are obtained, and the flame temperature
gradient is probed via rotationally resolved OH excitation scans. Finally, we estimate the
absolute signal sizes of CHj relative to CH. The data show unequivocally that the CHs
concentration peaks before CH and OH in the flame, consistent with longstanding models
of hydrocarbon combustion.

CH; SPECTROSCOPY

Before describing the experiments, we briefly summarize the important
spectroscopic properties of the methylene radical. The visible spectrum of singlet
methylene in the region from 11,000 to 22,000 cm'! has been studied extensively and
partially assigned by Herzberg and Johns,6 Ashfold et al.,10 and Petek et al.1! The
spectrum is due to a 1B;-1A] transition between two electronic states which correlate with
the degenerate 1A state in the linear representation. The degeneracy is removed by strong

coupling between electron orbital and vibronic angular momentum. Also known as the
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Renner-Teller effect, this coupling produces a strongly bent 1A, lower state and a nearly
linear !B excited state.6 Accurate potential energy curves have been determined for the two
states.12 The assigned bands of the visible spectrum correspond to a progression in the
excited state bending mode, vo, i.e., (0,v5,0)-(0,0,0) with v5 = 12-20. Each member of
the progression is composed of multiple subbands, the strongest of which are similar to
-1 bands of a linear molecule for v = even (K= 0 « K3 = 1) and I1-X for v;, = odd
(X3=1 & K7 =0). Here K, is the projection of the sum of rotational, vibrational, and
electronic angular momenta on the principal symmetry axis. Weaker subbands
corresponding to excitation of K = 2,3,4,..., occur to the red of the strong Z-I1 and I1-Z
subbands. The primary selection rules6.11 are: AJ = 0, £1, AK, = %1, and AK, = 0, +2,
although recent stimulated emission pumping experiments!3 show abnormally strong
AK, =13 bands. Each subband consists of six main branches for K> 0 while only three
branches exist for K, = 0 excited states. Methylene contains two identical hydrogen nuclei
of spin 1/2 (similar to HO); the lower state nuclear spin degeneracy is three for
antisymmetric levels and one for symmetric levels. This results in a pronounced intensity

alternation in the CHj spectrum.

Thus, in theory, the spectroscopy of CH3 is understood. In practice, the CHj 3
and b states are highly perturbed by the triplet ground state and by each other. In an clegant
study by Petek et al.11 of CH; produced by photodissociation of ketene, 10000 transitions
are observed from 15000-18000 cm1, only 477 of which are readily assignable; the
translational temperature of singlet methylene is estimated to be 355 K from the Doppler
width of the transitions. At the elevated temperatures in a flame (1500-2000 K), we expect
the spectrum to be considcrably more compiex.

Figure 1 is a schematic vibronic energy level diagram of the relevant levels of the X
and 3 states of methylene. The lowest vibrational level of the 3 state lies at slightly higher

encrgicS than the (1,0,0) and (0,0,1) vibrational states of the triplet. The details of the




interaction of these vibrational states have been characterized.!4 In order to avoid some of
the complications of unassigned lines and new features, we excite definitively assigned
transitions of the Z-II subbands of (0,14,0) and (0,16,0) bands. In an attempt to
understand how the Franck-Condon overlaps change as a function of the excited v, level,
we also excite CHj in the vicinity of the (0,20,0)-(0,0,0) Z-I1 Q branch bandhead. This
vibrational bandhead is observed by Ashfold et al.10 but not assigned rotationally.

EXPERIMENTAL APPARATUS

These experiments are performed in a low-pressure flat-flame combustion apparatus
which has been described in detail previously. !5 Briefly, a McKenna Products flat-flame
porous-plug burner is translated vertically on a motor-driven translation stage. The
premixed laminar flat flame is scanned through the stationary laser beam to obtain LIF
signal profiles of various combustion species. The burner and translation stage are
mounted in a stainless steel vacuum chamber evacuated by a mechanical pump. The burner
and exhaust manifold are water cooled to maintain stable operating conditions. Gases are
introduced into the burner via a series of calibrated mass flow meters and fine metering
valves. The premixed methane/oxygen flame is held at 5.6-6.0 Torr and has a fuel
equivalence ratio, ¢, of 0.88. The flows of CH4 and O are 428 and 970 standard cubic
centimeters per minute, respectively. No gas flows through the flame shroud in the bumner

head.

Optical access for the excitation laser is provided by two Brewster windows. For
the observation of fluorescence, light is collected using either a two-lens collection system
as described previously!5 or a three-lens system with a depth-of-field limiting aperture

which effectively reduces the amount of background flame emission. The first lens (4"
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focal length, 2" diameter) collimates the light and the second lens (2" f.1., 2" dia.) focuses
the image of the laser beam on a variable width rectangular slit (nominally 1 mm wide)
which serves as a field stop. The strongly diverging light coming through the slit is
collected by the third lens (2" f.1., 2" dia) and focused on to the slit of 2 monochromator
or a filtered phototube approximately 25 cm from the third lens. We align the collection
optics by maximizing the signal from Raman shifted laser light in air. Calibration of the
light collection system including reflection losses, collection solid angle, photocathode
quantum efficiency, photomultiplier tube gain, and preamplifier gain is achieved by Raman
scattering in Hj utilizing the method of Bischel , Bamford and Jusinski.16

CH; EXCITATION AND FLUORESCENCE SPECTRA

For most diatomic molecules enough information is available to determine the best
excitation and detection wavelengths for LIF detection in a flame. For methylene such
information is not complete. Unfortunately, little quantitaﬁvc data is available on the
relative strengths of the different vibrational bands. In the flame, we examine the excitation
of the (0,14,0)-(0,0,0), (0,16,0)-(0,0,0) and (0,20,0)-(0,0,0) vibrational bands and the
wavelength dependence of the resulting fluorescence. Under all conditions the CHy LIF
signals are weak with the signal to noise ratio peaking at about 5 to 1 for our averaging of
250 shots at each wavelength position. The small signals limit the quality and quantity of
spectroscopic data that we can obtain from the flame.

Many of the rotational features in the excitation spectra cannot be assigned to
known transitions; extreme care must be exercised in their assignment. The dispersed
fluorescence spectra are easier to understand; consequently we describe them first. To our

knowledge, the only fluorescence spectrum in the literature is obtained by Feldmann et al.?
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for excitation of the (0,14,0) level. The fluorescence spectrum which we obser ~ for the
(0,14,0) level is qualitatively similar to their published spectrum. With 4.0 nm
monochromator -esolution, we observe a feature near 642 nm assigned as the (0,14,0)-
(0,1,0) band and a significantly weaker feature near 713 nm due to fluorescence to the
(0,2,0) and (1,0,0) vibrational levels. For the & state of CHp, the v] symmetric stretch
mode is nearly resonant with two quanta of the bend; therefore, for weak signal<, we
cannot distinguish between (0,2,0) and (1,0,0), or (0,3,0) and (1,1,0) with 4 nm
monochromator resolution. Because of a background due to scattered laser light we cannot
observe fluorescence to the (0,0,0) level. Grimley and Stephenson? state the Franck-
Condon factors for the (0,14,0)-(0,0,0) and (0,14,0)-(0,1,0) bands are similar in
magnitude. Fluorescence from the (0,16,0) level is shown in Figure 2(a). Not correcting
for monochromator and photomultiplier tube response, we find the (0,16,0)-(0,1,0) feature
to be about three times larger than the combination of the (0,16,0)-(0,2,0) and (0,16,0)-
(1,0,0) bands. From the position of this combination feature, we believe most of the
fluorescence is in the (0,16,0)-(0,2,0) band. In order to examine the effect of vibrational
excitation i the b state on the fluorescence pattern, we excited the Q head of the (0,20,0)-
(0,0,0) band.10 Interesiingly, we observe that the maximum in the fluorescence signal
shifts further away from the excitation wavelength in changing from the (0,16,0) to the
(0,20,0) band. The maximum shifts from fluorescence terminating on the (0,1,0) level to
the (0,2,0) and (1,0,0) combination (about twice as large) while the (0,3,0) and (1,1,0)
combination is only slightly smaller than the (0,1,0) peak. No evidence for fluorescence to
the (0,4,0), (1,2,0) and (2,0,0) grouping is seen.

For the discussion of excitation spectra we focus ou. attention on the (0,16,0)-
(0,0,0) vibrational band. We choose this band because it is largely
unperturbed,!1 rotational distributions have been obtained in the past, and it furnishes the

largest signal of all the bands studied. Figure 3 is an excitation spectrum in the region of
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the PQ; y bianch bandhead of the (0,16, -(0,0,0) band. The notation PQ j is defined as
follows. The Q indicates that the J quantum number does not change in the transition; the p
superscript denotes a AK, change of -1. The subscript, 1, is the value of K, and the
subscript J is the value of K which here is the same as J". Also visible on the blue end of
the spectrum is the region of the PR} 5.1 branch. The assignments are taken directly from
Petek et al.1l. This spectrum is obtained by collecting flucescence with a phototube
equipped with filters which pass light in the region from 570-600 nm ((0,16.0)-(0,1,0)
band). Many of the peaks are not assignable. The large number of unassigned features is
typical of the CHj flame spectra. We find these unassigned rotational features have about
the same signal profile as a function of height above the burner as the assigned CHj
features, disappear at the same time on changing flame conditioas, and exhibit the same

fluorescence decay times. We therefore conclude that they are due to CHj.

Petek et al.17 observe at least 100 distinct but unassigned transitions in the same
wavelength region. With the exception of one very large peak at 18633.49 cm-], all of the
unassigned transitions in their data in this region are of much lower intensity than the
assigned transitions. This is not the case with our data. The majority of unambiguously
observed but unassigned transitions are at least as intense as the assigned transitions. This
is most likely due to the elevated rotational temperature (1200-1800 K) at which our data is
taken although the higher peak power of our laser system may contnbute through saturation
effects. In contrast, Petek et al. calculate the translational temperature in their experiments
to be 355 + 25 K (the vibrational temperature is much hotter ~1500 K).!}! Apparently,
some of our transitions can be attributed to absorption of CHj in high angular momentum

quantum levels of the a (0,0,0) vibronic state.

Both Petek et al. and we observe an annmalously large ur.2ssigned peak at
18633.49 cml; in the higher resoluticn data:” (0.07 cm-! bandwidth), the feature appears

asa sxngic peak. This feature is an examyple of the complexity of CH» spectroscopy and
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demonstrates the extreme care that must be exercised in assigning fearures in the spectrum.
(Ininally, we assigned this feature to the (0,16,0)-(0,0,0) vibrational band.) In our lower
resolution data (0.3 cm-1), we also slightly overlap the (0,16,0)-(0,0,0) 303-211 transition
as shown in Figure 3. Figure 2 compares dispersed fluorescence spectra obtained by
pumping the PQ; j bandhead at 18597.5 cm! (upper trace) and the unassigned feature at
18633.49 cm! (lower trace). Excitation via the assigned bandhead gives a fluorescence
spectrum with two peaks corresponding to (0,16,0)-(0,1,0) and (0,16,0)-(0,2,0)+(1,1,0)
fluorescence at the anticipated wavelengths (583 and 629 nm, respectively). Excitation of
the unassigned feature at 18633.49 cm-! also gives rise to fluorescence at the wavelengths
of the (0,16,0)-(0,1,0) and (0,2,0) bands, but additional peaks are present at 558 and 607
nm. Aithough we overlap very slightly the 3g3-2;; transition of the (0,16,0)-(0,0,0) band
PR 1.1 branch when tuned to the unassigned feature, it is not sufficient to account for the
large amount of fluorescence observed at 583 and 629 nm. Although the unidentified
fluorescence peaks at 558 and 607 nm roughly correspond in wavelength to the positions
of the (0,17,0)-(0,1,0) and (0,17,0)-(0,2,0)+(1,0,0) I1-Z bands, we cannot explain
fluorescence at all these wavelengths based on (0,16,0) or ény other upper state energy

level.

Figure 4 shows two excitation scans of the 18622-18642 cm-! region. The upper
trace is obtained by monitoring 583 nm fluorescence and the lower trace by monitoring the
607 nm fluorescence. A scan similar to the lower trace is obtained by monitoring 558 nm
fluorescence. The lower trace shows absolutely no evidence of (0,16,0)-(0,0,0) PR} 5.1
features, but at least two features, one quite large, are present. On the other hand, scanning
the same region by detecting 583 nm fluorescence, one observes (0,16,0)-(0,0,0) PR} y.1
features and the two features which appear by themselves when monitoring the unassigned

fluorescence features.



Because of the poor signal to noise, the flame is not the ideal environment to
examine this interesting spectroscopic mystery in detail; however the preceding discussion
does point out that a correct assignment of CHj features is essential to understanding both
the concentration and fluorescence pattern of CH,. Even though spectroscopic
complications do persist, we have identified many of the features in this excitation region
and for CH; concentrati >n profiles, excite only features that correspond to the positions of

lines in published spectra with identities confirmed by resolved fluorescence scans.

FLAME SELECTION AND RADICAL PROFILES

The CH4/O flame was initially selected for simplicity in modeling and lack of
possible interfering higher hydrocarbons; however, tests of CHj signal size versus the
identity of the fuel and oxidizer reveal that the initial choice was judicious. We find that the
magnitude of the peak CHj signal decreases approxirmnately linearly with the pressure, so
the signal is reduced by aboﬁt a factor of two increasing the pressure from 6 to 14 Torr. In
addition, the peak of the CHj signal moves noticeably closer to the bumner surface for the
same change in pressure. The signal size also decreases for higher ¢ (richer flames). The
CHj3 signal is no larger in ethane and acetylene/oxygen flames, and the acetylene flame
suffers from increased C, flame emission interference. Finally, N2O oxidizer created an
extremely large non-resonant spurious LIF signal, perhaps from NO», that made any CH>
signal unobservable. For this study, we choose to examine the lowest pressure CH4/O2
flame that can be stably and reproducibly operated in the low-pressure burner. The fuel
equivalence ratio is adjusted to produce the largest signal. The flame pressure is 5.6-6.0
Torr with ¢ = 0.88.
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To characterize the experimenta! flame, we obtain LIF signals from CHZ, CH, and
OH as a function of height above the burner surface. For the CH2 and CH data, we
capture over 90% of the fluorescence signal inside a boxcar gate of width 55 ns. In
addition, we measure rotationally resolved OH LIF excitation scans to determine the flame
temperature profile. For these, a 10 ns gate is set on the peak of the time dependent
fluorescence signal to minimize the effect of collisions on the temperature measurement. 18
Figure 5 is a composite picture of these four profiles where the signals have been converted
to concentration by the procedure outlined below. The CH radical profile is obtained by
exciting the P1¢¢(7) rotational line in the A2A-X2I1 (0,0) band.13 Fluorescence is observed
on the (0,0) band. The OH profile is obtained by pumping the Q;(6) line of the A2Z*-
X2I1; (0,0) band.1® Fluorescence in the (0,0) band is monitored. The CH> profile is
obtained by exciting the (0,16,0)-(0,0,0) PQ],j bandhead (see Fig. 2) with ~5 mJ of
unfocussed light at 18597 cm-1 which excites molecules mostly from the 434 and 217 levels
of the 3(0,0,0) state. The profile is adjusted for background Raman scattering by
subtracting a profile obtained by moving the excitation laser wavelength off a CHa
resonance feature. In most cases the background signal is small (<10%) relative to the
CH; LIF. The OH temperatures are obtained by fitting excitation scans of the Ry bandhead
region of the A-X (0,0) band.18 Details of measuring CH, OH, and temperature profiles
can be found in Refs. 15, 18, and 19, respectively. Only the quantitative aspects of CH
and CH3 results are discussed in this work. The OH profile is corrected for temperature
but not collisional effects and no attempt has been made to make these measurements fully

quantitative.

The absolute signal intensity for CH is approximately 30 times larger than the CHp
signal for the flame tested. To convert LIF signal profiles to ground state radical
concentration profiles, several factors must be addressed. These are: 1) calibration of the

fluorescence collection system including photomultiplier and monochromator response; 2)
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fluorescence quantum yield of the excited state; 3) the partition function for the molecules in
the ground state; and 4) spectral considerations such as Franck-Condon factors and
rotational line strengths for the excitation and fluorescence transitions. Although we are not
able to quote final values for CH> and CH number densities, we will discuss the

information we have obtained toward this goal.

The determination of the absolute density of a particular species from LIF requires
an accurate calibration of the fluorescence collection system. A convenient means of
calibration has been described by Bischel, Bamford and Jusinski.16 The calibration
involves spontaneous Raman scattering of a laser of known power flux by a known density
of Hy. The procedure leads to a constant which includes effects such as geometrical
factors, reflection losses, gain and quantum efficiency of the photomultiplier and gain of
the electronics. However, one must use this procedure with special attention to the
conditions of optical saturation, because the effective beam cross sectional area can be
different for spontaneous Raman and saturated LIF. This problem prevents us from
obtaining a CH and CH; number density in these experiments.

The fluorescence quantum yield of the excited state determines how many of the
excited molecules fluoresce before they are lost to non-radiative processes. In the flame for
the radicals considered here, the dominant loss process is electronic quenching via
collisions with the other flame species. For CH, these quenching processes have been
previously examincd for a variety of flames as a function of height above the bumner.15
From these measurements, the fluorescence quantum yield for CH was found to be almost
independent of position in the flame. No information is available for the quenching of CH»
at high temperatures; therefore, we measured the time dependence of the LIF in the flame.
This is complicated by the extremely rapid decay of the fluorescence. Using a 10 ns/point
transient digitizer, we observe the temporal evolution of the CH> fluorescence following

cxcimﬁon of the (0,16,0)-(0,0,0) Q branch bandhead at several positions in the flame. We
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fit the fluorescence signals to a single exponential from 90 to 10% of the peak of the signal.
We find that the lifetimes are independent of position and equal to 45 £ 8 ns; the uncertainty
is two standard deviations from the average value for six measurements throughout the
flame. This value may be slightly affected by the response time of the detection electronics
and the finite pulse width of the excitation laser. Therefore, the actual value may be slightly
faster. Since the error introduced by neglecting this effect is smaller than many other
approximations that would go into these measurements, a detailed deconvolution analysis is

not warranted at this time.

The fluorescence decay time in the flame is significantly shorter than the radiative
lifetime!0 of 3000 ns indicating substantial quenching of the excited CHy. The average
quenching rate constant in the flame is 5 x 10-10 cm3s-! assuming a temperature of 1500 K.
Ashfold et al.10 have measured quenching rate constants of the CHj b state with various
colliders such as O2 and CHy. Values of 2-4 x 10-10 cm3s-! were obtained at room
temperature. Considering the unknown identities of the collider species in the flame and
possible changes in the collis;ional quenching cross section with temperature, the average
observed quenchiig rate constant is quite reasonable. This value is faster than for the
diatomic radicals CH,!5 NH,20 and OH!9 under similar conditions. From these data, we
estimate the fluorescence quantum yield for CHj to be 0.015 £ 0.004. The quantum yield
estimate5 for the A state of CH in the experimental flame is ~0.30 £ 0.10. The

uncertainties are estimates based on our confidence in the input parameters.

The raw signal profiles are analyzed by taking into account population changes of
the excited level due to the temperature gradient in the flame by normalizing to the
Boltzmann population of the excited level as a function of height. The temperature profile
is parametrized using a simple functional form to interpolate between the discrete
temperature points.15.20 This temperature normalization is a trivial exercise for CH and

OH, but much more complicated for CH,. For CH3 we choose to divide the partition
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function into a vibronic part (both electronic and vibrational) and a rotational part. This
assumes the rotational constants of the singlet and triplet level are the same and do not
change with vibrational level. This approximation introduces only a small error in the
partition function. The vibronic part is relatively simple to calculate. Figure 1 shows some
of the important vibrational levels. The partition function is calculated by counting all
possible vibrational levels of the ground state triplet and singlet excited states as though
they belong to a single state except that the degeneracy of the triplet levels is three. The
(0,0,0) level of the & state lies ~3165 cm-! higher in energy than the (0,0,0) level of the
ground state and the calculation of the partition function follows straightforwardly.4
Vibrational constants for the two states are obtained from Ref. 21. One caveat should be
mentioned. Jensen, Bunker and Hoy22 note that the energy level structure of the triplet is
comiplicated by a low barrier to linearity which extensively mixes the bending vibration
with rotation. This causes the vibrational levels of the triplet state to be poorly described by
the harmonic oscillator approximation. However, we still use that approximation. We find

1.3% of the CH; molecules are in the (0,0,0) level of the & state.

The calculation of the rotational partition function proceeds straightforwardly given
the assumption of vibronic and rotational separability. We approximate the energy levels of
CH> by the symmetric top formula which gives energies in the absence of asymmetry
doubling. These energies approximate closely the average energy of an asymmetry
doubled pair given in Ref. 11. Therefore, this approximation introduces almost no error.
The K doubling, 2J+1 degeneracy, and nuclear spin statistics are included explicitly.

These energies and degeneracies are used to calculate the denominator of the partition
function. The numerator is calculated by using the actual energy of the excited level from
Ref. 11 and the degeneracy of that level. The result of the calculation is that approximately
0.6% of the molecules in a (0,0,0) are in the 414 and 27 levels at 1250 K. The total

partition function increases quickly from 0.0001% at the burner surface (~500 K) to
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0.0065% at 14 mm above the burner surface (~1550 K) and then stays nearly constant to
60 mm at ~1900 K.

Quantifying absolute ground state CH and CH> number densities from the number
of photons collected also requires accurate vibrational band transition probabilities and
rotational line strengths. This can be done accurately for CH because of the availability of
the pertinent data;15 however, that is not the case for CHy. The radiative lifetime10 of the T
levels of the (0,16,0) is 3.0 us. However, we can only make an intelligent guess of the
relevant vibrational band transition strengths from the fluorescence intensity data. We also
lack accurate rotational line strengths, although Grimley and Stephenson? have calculated
and used rotational line strength factors for the (0,16,0)-(0,0,0) Z-I1 P branch lines to
determine a rotational distribution. As stated in Ref. 11, calculated rotational line strengths
could differ from the experimental values due to singlet-tripet mixing and the presence of
other perturbations. Nonetheless, an estimate of the number density of singlet CH3 can be
extracted from these. To obtain a number density for total CHj in this flame, thermal
equilibrium between the singlet and triplet must be assumed. Based on preliminary
modeling of this flame,23 we believe that equilibrium is not attained between singlet and

triplet CHa.

Preliminary attempt to quantify absolute CH and CH; concentrations failed because
the Raman scattering light collection system calibration is not directly applicable to LIF
measurements made under conditions of optical saturation. The laser conditions used to
excite CH and CHj (17 p/pulse in 1.3 x 10-3 cm?2 and 5§ mJ/pulse in 7.9 x 10-3 cm?2
respectively) saturate their respective transitions. Unfortunately, for saturated LIF, the
wings of the laser beam can contribute to the signal as much as the peak. Thus, the
cffective cross sectional area of the laser beam is much larger than the area for the
unsaturated Raman calibration measurement by at least a factor of 10. This uncertainty is

directly transferred to the final concentration. This precludes the determination of absolute

1-15




concentrations. Future work will attempt to solve this problem. We are able, however, to
make a direct comparison of signal sizes for CH and CH; excitation. The excitation
parameters for each laser are as given in the preceding paragraph. Under these conditions,
we observe a CHj signal of 850 mV ezt the peak of the CH> profile; all the fluorescence on
the (0,16,0)-(0,1,0) band is captured in the 4 nm bandwidth of the monochromator to yield
this signal. With the same optical train, we observe a CH signal of 3100 mV at the peak of
the CH profile. However, not all CH (0-0) fluorescence is captured in the bandwidth of
the monochromator and the boxcar scale is a factor of 4 less sensitive than for the CHj
measurements. When this is taken into account, the actual CH signal is 23 voits. Other
conditions such as phototube voltage are the same for the two measurements. Thus, one
can expect approximately a factor of 30 larger signals from CH excitation the CHy

excitation under our laser and flame conditions.

1-16




DISCUSSION

We have unambiguously detected CHj via LIF in the b-2 electronic system;
however, the signals are extremely weak. Detection of polyatomic radicals in a combustion
environment can be difficult, but the added complication of LIF excitation from an
electronic state that is populated at the 1% level increases the difficuity considerably. For
many combustion applications, CH» detection will not be feasible with this technique.
However, in low-pressure flames, concentration profiles suitable for comparison with
combustion models for singlet CH, can be obtained. Before discussion of this
comparison, we discuss possible interferences with CHj detection and recommended

transitions for excitation and fluorescence observation.

Briefly, CH» LIF signals are very different in character from those typically seen
for diatomic molecules. For 'the diatomics, each laser pulse results in a large number of
fluorescence photons in the bandwidth of the detector. For CH2, we obtain less than one
photon per pulse. Most of the noise in the spectra is due to the statistical variation in the
number of photons detected. This can be improved by longer averaging. This also implies
the larger the number of fluorescence photons from a given excitation and fluorescence
combination the better the signal. In most cases this is correct; however, several important

sources of interference need to be considered.

There are two major types of background interferences in the experiment, those
created by the flame itself and those caused by the laser light. Chemiluminescent reactions
in the flame generate visible continuous emission which is primarily composed of CH
B2Z"-X2[1 and A2A-X2I1 bands at 390 and 430 nm respectively and C; d3T1y-2311
emission (the Swan system) at 470 (Av = +1), 515 (Av = 0), and 555 (Av =-1) nm in the
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spectral region of interest for CHy detection. If a monochromator is used, §ossiblc second
order OH A2Z*-X2[]; emission near 620 nm can be eliminated by use of appropriate long
pass filters. Many electronic and optical techniques can be applied to discriminate against
this emission; for example, detection optics that limit the depth of field observing only the
volume near the laser beam can be used.26 In this initial study, we find that
chemiluminescent emission causes some noise; however, its effects can be minimized. Itis

not the limiting noise source for these CH> signals.

Raman scattering from the major species of the flame is the largest background
signal induced by the laser light in our experiments. Raman scattering from CHy, O2, and
flame intermediates becomes stronger as the excitation wavelength is decreased because of
the A-4 dependence of the Raman cross section.2? This makes Raman scattering a
significant problem exciting the (0,20,0) transition but less of a problem on either the
(0,14,0) or (0,16,0) levels. All of the Raman scattered photons are detected during the
laser pulse within the nominal 50-ns boxcar gate used in this investigation, making it the
dominant laser-induced noise source. We did not attempt to discriminate against the Raman
signal by time-delaying the detection gate until after the laser pulse. For our experimental
signal level (~0.2 photons/pulse) such gating would have resulted in a drastic decrease in
the signal to noise ratio for the same averaging time, due to photon statistics. At low
pressures, for excitation of the (C,16,0) vibrational transition, Raman scattering is less than
10% of the CH signal; however as the pressure is increased, it becomes a greater problem.
In addition, the CHj signal decreases at higher pressure. The Raman shifts for the major
species CHg, Oz, CO, CO3, and H70 are 2915, 1556, 2145, 1388, and 3657 cm-l.
respectively.26 The resulting Raman spectrum is broad and relatively featureless, and on-
resonance/off-resonance, subtractions can be used to minimize its effect. Rayleigh and Mie
scattering preclude observation at the excitation wavelength. We also observe a

background consisting of a very broad fluorescence to the red of the laser wavelength.




Under our experimental conditions this is a minor interference, but at higher pressures or
for richer conditions such broad fluorescence might dbecome significant. Possible origins

and a discussion of this type of laser-induced signal can be found in Ref. 27.

Even with the interferences discussed above, the primary limit on signal to noise
remains the photon statistics. Signal to noise ratio can be improved with greater patience;
however, eventually a point is reached at which the stability of the burner system or the
excitation laser becomes a problem. Therefore, the primary scelection criterion is simply to
choose the transition producing the greatest number of fluorescent photons (subject to the
caveat that the interferences do not increase significantly). For CH; the radiative lifetimes
decrease with increasing vibrational level from 4.6 ps for (0,12,0) to 2.5 s for (0,20,0)
indicating that excitation of the higher vibrational levels is better. However, the difference
is only twofold and no information is available on the vibrational level dependence of

quenching. Clearly, more work is needed to make the choices quantitative.

We find that excitation of the (0,16,0)-(0,0,0) band and detection of the (0,16,0)-
(0,1,0) band provides the bes't signals with our excitation laser, optical detection system,
and flame conditions. We also observe signals exciting (0,14,0) and (0,20,0) from the
vibrationless level of the singlet state. For (0,20,0) excitation, Raman processes become a
significant noise source and a rotational assignment of the excitation transition is lacking.
Excitation of the (0,14,0) level results in smaller signals, and the (0,14,0) vibrational level
is quite perturbed. We believe little difference should be seen exciting vibrational levels
15-17, and all of these levels could be used. In any case, extensive averaging will have to

be undertaken to obtain signals.

Even if intense CH, LIF signals could be obtained, several approximations must be
made to convert the measurement to total CHj concentration. Perhaps the most suspect
assumption is that the singlet and triplet states of CH are in chemical equilibrium. Indeed,

a preliminary modeling study of this flame,23 using reported reactivities for the two
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electronic states, indicates that the singlet and triplet are not in equilibrium. With this in
mind, it is interesting to make some general observations about the radical profiles. Note
that none of these observations would change significantly for even large deviations of the
singlet and triplet from chemical equilibrium. In fact, analysis of the CH; profile assuming
thermal equilibrium of only the singlet state moves the peak of the CHj signal from ~9 mm
to ~11 mm. Therefore, regardless of how the analysis of the CHj profile is performed, the
CH; profile always peaks before the CH and OH profiles. This is the expected result as
methane oxidation involves stepwise removal of hydrogen from carbon. This is the first
optical experimental demonstration of the expected concentration profiles for CH and CH,
in methane oxidation. The CH; profile is very noisy within about 5 mm of the burner
surface due to temperature normalization; the small signal is divided by the partition
function, which is a very small number at this position in the flame. Finally, one further
caveat should be mentioned. These profiles are not obtained using a shroud flow around
the flame!5. Under the low pressure conditions of this experiment, the shroud causes the
flame to blow off the burner. As a result, the gases have a tendency to diverge or
mushroom. Thus, the flow speed is somewhat less than calculated from mass flow rates

and the burner area, and the profiles are probably slightly altered as a result.
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CONCLUSION

Although LIF detection of CHz, in a high temperature environment is feasible as
demonstrated by this work, the general applicability of the technique may be limited
because of the low signal levels. The number densities of CH and CH are probably
similar, but the fraction of CH; molecules in the excited level is much lower, and the CHz
b s.ate is rapidly quenched causing low signal levels. The CH> concentration peaks before
CH in the flame, confirming longstanding theories of methane combustion; this conclusion
is independent of chemical equilibrium and partition function assumptions. The possibility
of chemical disequilibrium between singlet and triplet CH2 needs to be addressed
theoretically before this technique can be made truly quantirative for ground state CH>.
Experimentally, reliable vibrational band transition probabilities are needed as well as
experimental rotational line strengths in a well characterized system. In addition, more
accurate means of fluorescence collection system calibration must be devised. Future

investigations will focus on these quantitative questions.
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FIGURE CAPTIONS

Energy level diagram for the vibrational levels of singlet and triplet
Ch;,

Fluorescence scans followi -, -xuitation of CH3 in a low-pressure

met! ane/oxygen flame. These are uncorrected for the response of the
detection system.

(a) Signal after excitation of the Q head of the (0,16,0)-(0,0,0) band near
18598 cm-1.

(b) Signal after excitation of an unassigned CHp feature near 18633 cm-l.

CH> excitation scans in which the energy of the photon is varied between
18600 and 15640 cm-l. The fluorescence is detected at wavelengths
between 570 and 600 nm. This corvesponds to the position of the (0,16,0)-
(0,1,0) band.

Excitation scans near the (0,16,0)-(0,0,0) R head monitorir ; fluorescence
centered 582 um (top) and 607 nm (bottom) with 4 nm bandwidth. Most
features in the top spectrum have been assigned to known rotational

transitions in the (0.16,0)-(0,0,0) band in Refs. 6 and 11.

Relative concentration and temperature measurements on the 5.6 -Torr, ¢ =
0.88 methar~ oxygen fiame. In the top panel, OH rotational temper=r-res
are plotted as a function of height above the burner surface as th: squares.

The solid line is a fittc 3 paameterization of the profile as described in Ref.
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15. The bottom panel shows the relative concentration profiles of the three
species CHp, CH, and OH. The CHj profile peaks closest to the burner
suiface. The CH profile peaks near 15 mm, while the OH concentration

persists out into the burnt gases.
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RESONANCE-ENHANCED MULTIPHOTON
PHOTODISSOCIATION OF C:2H3

George A. Raiche, David R. Crosley and Richard A. Copeland
Molecular Physics Laboratory, SRI International
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ABSTRACT

Emission from the CiIig and ¢*Tlg electronic states of Cy is observed following
resonant excitation of several vibrational levels in the A 1A electronic state in the acetylene
molecule. Acetylene is excited via the A-X electronic transition with the output of a
frequency-doubled excimer-pumped dye laser (210-230 nm), and the fluorescence is
dispersed with a monochromator. At low laser pulse energies laser-induced fluorescence in
the CoHy A-X system dominates the emission spectrum; as the energy is increased,
emission from the C and d states of Cy becomes more important. At the highest laser
powers investigated (~1 GW ¢m-2), the Ca photofragment fluorescence is the strongest
signal. The temporal, spectral, laser fluence and pressure dependence of the various
fluorescence signals are examined for excitation of different vibrational levels in the CoHp
A state. Possible applications of C» fluorescence techniques to detection of CoHj in

combustion environments are discussed.
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INTRODUCTION

Acetylene is an important chemical intermediate in hydrocarbon combustion and is
likely a key species in soot formation. Under conditions typical of flames, i.c. high
temperatures and the presence of other interfering species, acetylene detection is difficult
because of its complex spectroscopy, small transition moment, and the small fractional
population in individual rovibronic levels. Such difficulties can limit the precision of flame
diagnostic measurements. Even under these adverse conditions, acetylene has been
observed in atmospheric-pressure flames using coherent anti-Stokes Raman spectroscopy!
and, in low-pressure flames in our laboratory,? via a laser-induced emission scheme
monitoring electronically excited C; photofragment (C; ) emission. Preliminary studies
indicate that measurement of C; laser-induced emission is a sensitive and selective laser
method for detection of C2H> in the harsh combustion environment. In order to make such
studies quantitative, however, the acetylene dissociation mechanism and energy transfer
properties of the photofragments, as well as the spectroscopy, must be understood. This

room-temperature investigation examines these phenomena.

Acetylene absorbs light at many discrete ultraviolet wavelengths (210-240 nm),
exciting individual rovibronic levels in the A 1A, electronic state. A detailed rotational
assignment and analysis of these transitions has been performed using absorption
spectroscopy.34 Laser-induced fluorescence (LIF)S S and resonance-enhanced
multiphoton ionization8 studies have achieved rotational state specificity using tunable
lasers as an excitation source. The dominant aspect of acetylene's A 1A, - X 125
spectroscopy is the effect of the change of geometry in going from the ground to the excited
state; because the A state is trans-planar while the ground state is linear, both absorption

and emission spectra are characterized by poor Franck-Condon overlap at small Av.




Emission spectra therefore exhibit long progressions, and the absorption spectrum has
relatively srong A—X transitions from vibrational levels above the ground state. The non-
diagonal nature of the transitions has been exploited in stimulated-emission pumping
experiments, where highly excited ground state vibrational levels can be efficiently
prepared.?

The photodissociation of acetylene is also a subject of considerable fundamental
interest. Since CoH> is a "simple” polyatomic molecule and photodissociates readily at
ultraviolet wavelengths, its photolysis following excitation at 193 nm has been studied by
several groups.10-16 This excitation, which probably occurs through vibrationally excited
levels of the A state,12 results in the production of CoH and a hydrogen atom as the
primary dissociation channel.10 The dissociation energy of this process has been measured
using a molecular time of flight method with mass-spectrometric detection!0 and Fourier
transform infrared (FTIR) emission12 of the CoH fragmeni. A recent study using Stark
anticrossing spectroscopy by Green et al.17 obtained an upper limit lower than the
currently accepted value. The exact location of the onset of this dissociation is uncertain.!7
At higher laser fluences, subsequent absorption of one or more photons results in the
production of both C; and CH in various electronic states.13-16 These pathways have been
observed either by detecting the fluorescence of the photofragment directly!3-15 or by
probing the C; product state distributions via LIF.16 In addition, non-resonant photolysis
of CzHj; has been observed following 266 nm excitation.!8 This mechanism must involve

an initial multiphoton absorption step, since the single photon energy is insufficient to

access the A state.

In this manuscript, we report recent experiments on the ultraviolet photophysics
and collision dynamics of acetylene. The fundamental difference between the preceding
investigations and the current study is that we use narrowband tunable radiation to

resonantly excite rovibronically-resolved features of thie A-X electronic transition, inducing
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photodissociation. We have observed the efficient production of the C; C1A, and d311,
states as the laser tuned through the various CoH; A-state res nance features. The ratio of
C; to CoH> emissions is observed to be strongly dependent upon both laser power and
photon energy; C; signal intensity is quadratically dependent on laser energy at the
experimentally accessible values, indicating a multiphoton process. Large (near gas-
kinetic) cross sections for the quenching of photolysis products by acetylene are measured.
If the CoH fragment is energetically inaccessible at the wavelength of the first photon (an
open question given the uncertainty of dissociation energy for acetylene), then the
mecha..ism for resonantly-enhanced production of C; must be different from the
decomposition into Co>H and sui:seQucnt excitation process recently proposed for
photolysis at 193 nm.16 We discuss possible mechanisms for the C;H; photolysis that are

consistent with these observations and the thermochemistry of the CoHp/C» system.
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EXPERIMENTAL APPROACH

The experimental approach is straightforward. Acetylene molecules are excited by
the output of a pulsed, frequency doubled, tunable dye laser, and the resulting fluorescence
is monitored at a right angle to the incoming excitation beam. We generate ultraviolet
radiation by frequency-doubling the (430-460 nm) output of an excimer-pumped dye laser
(Lambda-Physik FL.2002) in a B-barium borate SHG crystal. Aceylene (Matheson), which
is used directly from the cylinder without further purification, is slowly flowed through the
fluorescence cell at pressures between 0.1 and 2.0 Torr. Up to 400 pJ of light near
220 nm can be delivered in a ~ 15 ns pulse to the center of the flow cell. In most of the

experiments a 175 mm focal length quartz lens focuses the light to a 50 pm beam waist,
giving a local power density approaching 1 GW/cm2. The focal ares is imaged onto the slit
of a 0.3 m Heath monochromator and the dispersed fluorescence is monitored by a
photomultiplier tube (EMI 9558). A transient digitizer (10 ns per channel) or a boxcar
integrator captures the amplified photomultplier output while a CAMAC based computer
controls the experiment. The relative output power of the laser is monitored using a
photodiode, and absolute energy measurements are made using a calibrated energy meter
(Laser Precision Corp., RJP-735 head). For some studies, we use a small helium flow
onto the entrance and exit windows to prevent the buildup of carbon deposits on the interior

surfaces. These deposits can result in a S0% reduction of delivered laser energy over the

course of several minutes.

RESULTS

We have observed strong fluorescence signals from both acetylene and C;

following resonant excitation of rotationally resolved vibronic bands in the CyH»



AlA;-X 12; electronic system. We characterized this fluorescence by dispersing the
fluorescence, varying the laser power, changing the total pressure, and exciting different
vibrational bands in the A state. Before proceeding with a detailed discussion of these
experiments, we should explain the spectroscopic nomenclature we will follow in this
work. Because the electronic transition is from a linear state (X) to a bent state (A) the
labeling of the normal modes is different in the two systems. We adopt the notation of
Watson et al.3, who label the transition from X 1Z5, va =0, 4", =010 & 14, vy = 4, -
K' = 1 as the VK] vibrational band. Both v and v correspond to bending modes in the
acetylene molecule; the other vibrational quantum numbers follow conventional labeling
and are described in Ref. 3.

Excitation and Fluorescence Spectra

Excitation spectra of acetylene are acquired throughout the ultraviolet region
between 213 and 223 nm. Most bands in this region have a similar shape, with a strong R
head and Q and P branches marching out to longer wavelengths. The band shapes are
similar to those plotted in Ref. 6 and 8. One of the more interesting regions is that near the
V8K vibrational band. An excitation spectrum from 213 to 223 nm, using a filtered (UG-
11, 3 mm) phototube to detect fluorescence from approximately 250 to 320 nm, shows an
abrupt decrease in the fluorescence intensity at excitation wavelengths above ~46500 cm-!.
Qualitatively this decrease in fluorescence efficiency confirms a recent result of Fujii et al.8,
who compare the intensity of absorption and laser-induced fluorescence spectra. They
attribute this falloff to a dissociation threshold for HCC~H production near this energy.8

Figure 1 is the fluorescence emission spectrum, at 2 nm resolution, corresponding
o the excitation of the R-head of the VGK{) vibrational band. Surprisingly, the spectrum is
dominated by C; emission in the 350-600 nm range (Fig. 1, top), although the C2H3
A — X LIFis also observed in the 290-340 nm region (Fig. 1, bottom). These spectra

are not corrected for the response of the detection system, which is expected to decrease




markedly for our detection system below ~ 350 nm. Our CoH; LIF spectra for

v3 =4 and v =3 are qualitatively similar to those obtained by Stephenson et al.6 for
v;'; = 0 to 3, although we observe the C; emission at longer wavelengths. As will be
discussed below, the ratio of C; emission to CoH, A-state LIF is strongly dependent on

both excitation wavelength and laser intensity.

The dominant features of the acetylene LIF emission spectrum, the series of large
peaks extending from 340 to 570 nm, are attributed to the C Deslandres-d'Azambuja
(DdA) (C Mg — A 11, 340-420 nm) and Swan (d*ITg — a3, 430-570 nm) systems.
This is the first observation of the production of Cz emission from resonant
photodissociation of CoHj using tunable light. With sufficient laser intensity
(~1.5 MW/cm?2 at 1 Torr of acetylene) these emissions can be seen with the naked eye. The
spectrum of Figure 2 is acquired with a 30 ns integration gate at the peak of the temporal
evolution of the fluorescence in order to minimize the effects of collisional relaxation on the
emission. These higher resolution spectra show population into v' = 4 of the d state, and
v'=2 of the C state. When we tune off ész features, both the CoHy LIF and the
C ; signals disappear. The production of CH radical, reported in studies of acetylene

excited by 193 nm radiation, 1315 is not observed.

Time and Pressure Dependence of the Fluorescence Signals

The time and pressure dependences of the acetylene and Cp emission signals
provide information about the source of the C; . If the C; signal rises promptly with the
laser pulse at low pressures then the C; is probably a photodissociation product, while a
slow or pressure dependent rise might be attributed to a chemiluminescent bimolecular
reaction. In these experiments we carefully examine the rise of the C; fluorescence signals
and find them both independent of the C;Hj pressure, and also faster than the response of
the detection system (~10 ns). Therefore, both the DAA and the Swan system are produced
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by the absorption of photons by C2H> or one of its photodissociation products. We see no

evidence for a chemiluminescent or other bimolecular chemical reaction.

The effect of acetylene pressure on the temporal evolution of the fluorescence is
examined following excitation of the R bandheads of the V3K{ (220.6 nm) and 23 V2K
(221.6 nm) vibronic bands. We observe the fluorescence with a monochromator of 2.0 nm
bandpass set to scveral wavelengths which correspond to emission from the A state of
C2Hy, and the C and d states of C. This bandpass for CoHj covers a number of
vibrationai features which we do not attempt to assign. We sum 1000 laser shots to obtain a
fluorescence decay curve, and fit the temporal evolution to a single-exponential from 90 to
10% of the peak signal. The fitted decay constants are than plotted versus the C;H,
pressure to obtain a phenomenological collisional removal rate constant, k, from the slope
of the line. The intercept, under ideal circumstances, would be the reciprocal of the
radiative lifetime. Results for the collisional removal and lifetimes of both CoH, and C;
species are summarized in Table L

Before discussing the quantitative aspects of these results, we must first describe
exactly the quantity we are measuring. We are recording the time dependence of the
fluorescence within a certain bandpass of the monochromator. In these measurements the
monochromator bandpass has a triangular shaped response function with a 4 nm full width
at half height. If CoH; collisions only remove molecules from the excited electronic state
and cause no rotational and vibrational energy transfer, the value obtained from the slope
would be the electronic quenching decay constant. We have little or no information about
the relative magnitude of these processes in either CoHj or the excited states of C,.
Pending more detailed investigations we will consider the values in Table 1 simply as

phenomenological removal rate constants, given for the detected fluorescence wavelength.

Following excitation of CoHa \g = 3, we measure a total removal rate constant of

(5.2+0.4) x 10-10 cm3 s-1, while for the \1; =1, v; = 2 vibrational level we measure
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k=(6.5%0.7) x 1010 cm3 s-1. The uncertainty given is two standard deviations of the fit
of the decay constant versus pressure to a line. We find the level with one quantum of
vibration in the v, mode is removed slightly faster than the pure v3 level; however, the
difference is just outside the respective error bars of the two measurements. Such small
differences could easily be caused by vibrational energy transfer as described above. Our
results agree well with the studies of Abramson et al.> for v_;, = 3 and are slightly faster than
those of Stephenson et al.6 for v3 = 0,1, and 2. From comgarison with these studies we
observe that the removal rate by CoHj tends to increase with more vibrational excitation in

the A state, and only small differences are found for different modes at similar energies.

The collisional quenching of the C; C and d states by acetylene is studied in the
same manner as for the CoHj A state. Removal rate constants for the C state are
(3.5+0.3) and (4.3 £ 0.2) x 10-10 cm3s-! following excitation of the V%K(l; and
23v2K ] bands of acetylene, respectively. For the d state, excitation of both vibrational
levels yield values of (1.0 £ 0.1) x 10-10 cm3s-1. For Swan emission the observation
window covers the several vibrational levels in the Av = +1 series (~470 nm), while for the

DdA observations the v' = 0,1 levels of the Av = 0 series (~385 nm) are selected.

Regardless of the resolution used to detect emitting product species or the details of
the state specific energy transfer, time dependent measurements on C fluorescence should
yield the same result for different excitation methods, if the resulting distribution over
clectronic and vibrational states is the same for each excitation scheme: Such is the case for
our d state measurements, in which Swan emission is generated by exciting both the
acetylene VgK(l) and Z(I)V%K% transitions. The comparable magnitude of the k's and zero-
pressure fluorescence lifetimes indicate that the vibronic distributions of C; produced at
each wavelength are similar. On the other hand, the k's and zero-pressure lifetimes

measured for the C state under the same conditions are different for the two excitation

wavelengths. Therefore, different C state product distributions result from exciting
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acetylenc features with photons that differ in energy by only ~ 200 cm-1, whereas the

d state distribution is pump-wavelength independent. This conclusion is corroborated by
fluorescence spectra acquired as a function of excitation wavelength, in which the C state
emissions resulting from pumping the VSK(I) and 26V%K(l) transitions have different
intensity distributions, while the d emissions are nearly identical (Figure 2). Examining
Figure 2 C state spectra carefully, we note stronger emission from v' =1 than fromv' =0
following excitation of the Z&V%Ké transition. This implies a larger fraction of v' = 1 is
generated from pumping the combination feature as opposed to pumping the pure feature.
For time resolved studies we observe emission from v' = 1 and v' = 0 together, following
excitation of features separately. Since the rate constant for removal of the combination
band emission is faster than that for the pure band (Table I) we may conclude, therefore,

that the v' = 1 level of the C state is depleted faster than the v' =0 level.

Zero-pressure intercepts for C; presented in Table I are similar in magnitude to the
existing data for the d (Refs. 16,19 and 20) state and differ slightly from the only previous
C state fluorescence hfcnmc (Ref. 20). Our measurements do not resolve individual
rotational and vibrational levels but represent an average over the distributions created by
the photodissociation process. Our C-state measurement of ~ 50 ns is slower than the ~ 30
ns measurement of Ref. 20. Curtis et al.20 report little variation in the lifetime with
vibrational level in the C state, so the vibrational averaging cannot explain the differences.
This difference requires further investigation. The zero pressure intercepts we measure for
C,Hj; for the two excitation transitions are similar, both being slightly faster than those of
Stephenson et al6 for lower vibrational levels. The large variations in lifetimes between
different rotational levels, attributed by Scherer et al.7 to a Fermi interaction within VgKé

make a detailed examination of our rotationally unresolved results impossible. Rotational

level specific results are required for a complete understanding.”




To determine the relative yield of C; as a function of vibrational excitation in the
C3H;, A state, emission spectra were acquired by pumping the R-heads of the vﬁ, Vg , V%,
and V§ bands near 215.9, 220.6, 225.6, and 231.0 nm, respectively, at constant (~50
pJ/pulse) laser energy. These spectra are shown in Figure 3. The ratio of C3 to CoH2
emission in the spectra are strongly dependent upon both the laser intensity and the CoHz A
state vibrational level. Specifically, the ratio increases with both increasing vibrational
excitation and laser intensity. In the v_;, = 1 spectrum, for example, the emission is
dominated by that of CoH; features seen in second order between 540-600 nm; only a trace
of the Swan emission at ~ 520 nm is seen. In the \é = 2 spectrum, however, the C; and
C,H; emissions are similar in magnitude and by v,; =3 the C; signals dominate the
emission. A phenomenological threshold for the production of C2 Swan emission

therefore appears between excitation to v_; =1 and v; =2 of the CoHj A state.

The dependence of emission product ratios on laser intensity suggests that the
pathways to CoHj and C; diffcr with respect to photon order. We undertook power
dependence measurements for the C; signals at 385 nm (DdA) and 470 nm (Swan), and for
C2H,, at several pump wavelengths. A typical series is depicted in Figure 4. Here the C;
Swan signal exhibits a quadratic power dependence (circles) under conditions in which the
CoH) LIF appears to be a slightly saturated 1-photon process (squares). The C; DdA
emissions also show a quadratic power dependence. At lower laser intensities, the CoH>
LIF signal is linearly dependent on laser power. Because of the differences in photon order
for the C; and CoH> emissions, the ratio of C3 to CoH> signals are strongly dependent
upon the experimental laser power. Simpie spectral normalization for laser power is not
useful in the case of mixed photon orders. Care must be taken to assure that laser power
during the course of an emission scan remains constant if meaningful comparisons of C

and CoH» emission strengths are to be made.
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DISCUSSION

The production of excited C3 from acetylene is of interest for both fundamental
photophysical considerations and a< a combustion diagnostics tool. The strength and
spectral location of the C; emissions, coupled with the apparent efficiency of its production
from C2H; using a frequency-doubled dye laser, are promising for application to the
monitoring and imaging of C>H3 in flames. In addition, the C; radical itself is a major
hydrocarbon flame emission source. To properly apply C; signals as a diagnostic for
C2H; in flames, therefore, requires characterization of its production and removai
mechanisms. We will describe several mechanismis for the production of excited C; from
acetylene photolysis which are consistent with its resonant production through the C;H; A
state, the observed photon dependence of the C; and CoH, emission signals, and the

pertinent thermochemical and photon energies.

While the production of C2 has been observed in carlier 193 nm acetylene
photolyses, the role of the CoH5 A state (and higher states) is unclear. Emission from both
CH (A) and C; (C, d, A) has been reported in these studies.13:14 The first step of the
photolysis at 193 nm is thought to be a transition to one or several highly excited levels of
C2H; A which persist for 10-10-10-12 s prior to subsequent absorption or
predissociation.14 The predissociation yield to CoH has been estimated at 15%.10 Recent
studies that probe the C; fragment via LIF also implicate CoH as an important intermediate
in the 193 nm photodissociation.16 Since we excite the CoHs lower on the A potential
energy surface with 215-230 nm photons, however, the fluorescence quantum yield is
substantial with A state radiative lifetimes on the order of 10-7s. Dissociation to CoH must
thus be significantly slower at the wavelengths we use in our study compared to

193 nm.
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Our experiments clearly demonstrate that resonant transitions to the A state are
necessary for production of C; at these photon energies. The processes that the A state can
subsequently undergo determine the production mechanism for C; . We see indications (Cp
C state k's, emission intensity distributions) that the distributions of some but not all
photolysis products depend on the vibrational mode excited in CoHj, confirming that the
overall photolysis mechanism is sensitive to the nature of the A state. However, the
energetics of the reasonable unimolecular processes for this system indicate that the A state
cannot be the direct precursor to the excited Ca. A higher state of acetylene optically
coupled to the A state, or a chemical species to which C;Hy A promptly evolves, must be
the intermediate through which we form Cy.

QOur discussion of the mechanism of C; production is dominated by a consideration
of the relevant thermochemical and photon energies for the "reasonable” processes.
Having measured a quadratic dependence of C; signal intensity on laser energy, we
attribute production of C; to either a two-photon process, or a three-photon process in
which one step is saturated. Bimolecular and other éollisional chemiluminescent processes
are ruled out by the prompt rise time of the C; emission. Given thesc coasiraints, we
briefly consider the processes that can occur following the absorption of each photon by

CaH; or its photodissociation products.

After the resonant absorption of the first photon acetylene can undergo several
processes. It can fluoresce, change electronic state via collisions or nonradiative processes,
absorb another photon, or dissociate. Little direct experimental information is available on
the fraction of molecules along each pathway; however, the time dependence of the
fluorescence places a limit on the rates of these processes. At low pressures only a small
fraction of the molecules excited to the A state have time during the laser pulse (~10 ns) to
either dissociate or change electronic state since the fluorescence lifetimes of these states are

~200 ns.56 This differs significantly from excitation at 193 nm where dissociation is
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much faster than fluorescence and no emission from the A state is observed13.16; the
pathways for the production of Cz and CH &t 193 nm13-16 may differ from those applicable
to this study. From the energetics we know at least one more photon must be absorbed
during the laser pulse by the excited species to generate C; emission. Although a
relatively slow process, the carbon-hydrogen bond could be broken at these eaergies to
form CoH. The exact energy of this dissociation threshold is currently under debate.
Recent experiments place the dissociation of threshold somewhere between 520 and 570
KJ mol-1 above the A state.17 This corresponds to between 1 and 5 quanta in the bending
mode v3. We observe a large increase in Cz production as we tune the excitation laser
through this region. This C; ctr;ission could result from the absorption of two more
photons by CoH with subsequent ejection of another H atom. The opening of the
dissociation channel between \g =1 and \5 = 2, as indicated by the most recent
determination of the threshold,17 could explain the abrupt increase observed in C; signal
following excitation higher than \{; = 1. However, considering the small fraction of CoH
which could be produced du_r'mg the laser pulse and subsequently excited, a process in
which the C7Hj, itself is excited may be a more likely pathway. Rapid v-dependent
intersystem crossing to nearby triplet states of C;Hj and subsequent excitation through the
triplet manifold could also be important in C; production. But, as with CoH dissociation,
this must be a minor pathway to be consistent with the time dependence of the

fiuorescence.

A probable scenario is that the A state molecules themselves absorb another photon
to states of CoHj lying just below the ionization potential at ~11.4 V.7 Little is known
about this region. One photon vacuum ultraviolet experiments show a long progression of
clectronic states that are very structured and dissociate to CoH.2 This might explain the

differences in efficiency of C; production between different vibrational levels. Although
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symmetry restrictions dictate that th» ,ame states cannot be accessed as in the one photon
spectrum, we believe the two photon spectrum might have similar structure. A two-plioton
transition through C>Hj is of sufficient energy to yield electronically and vibrationally
excited Cz and 1s obviously consistent with the quadratic power dependence. This
transition energy is insufficient, however, 1o access CH (A), which could account for our
failure to observe the CH A—X emission reported in 193 nm dissociation studies. The
energetics of the two-photon transition require that molecular H; be eliminated from CHj
in a concerted fashion. Such a process is thermochemically favored relative to C; + 2H.
The potential surface to which CoHy must be excited, symmetry }.‘; « Ay 2'.; fora
parallel transition, 2 correlates to Al symmetry in the Cp, point group appropriate for cis-
bent C;H,.23 However, the corresponding spatial arrangement of C2 C 111, or d 311, +
Hj (1Zg) comrelates to Az+By in Cay. A smooth correlation to the molecular elimination
products therefore does not exist. Even if the potential curves are such that an avoided
crossing allows correlation from CoH; to Cz + Hy, potential barriers for such symmeny-
forbidden processes in related molecules?* are estimated to be on the order of 4 eV, well
above the excess energy available (~1 eV) in our hypothetical two-photon transition. !
Therefore, unless the barrier to symmetry-forbidden Hj elimination in CoHj is unusually \

small, this dissociation mechanism appears unlikely in our case.

At these energies (two photons above the C2H ground state) decomposition to
C2H + H could be extremely rapid. Either highly excited CoHp, or the resulting C7H,
could serve as an intermediate for absorption of a third ultraviolet photon. This third
photon, if absorbed by CoH;, would take the acetylene to a region above the ionization
threshold where it could dissociate to a variety of fragments, including C; . This energy
region has been investigated in a one photon study in which electronically excited
photofragments are also generated.25 Alternatively, C;H produced following the two-
photon absorption might dissociate directly to C; upon absorption of a third photon.
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Unfortunately, our single laser experiment in incapable of distinguishing between
these processes and we cannot determine a mechanism unambiguously. Two-wavelength,
time delayed, two-laser experiments would be useful to unravel the mechanism. On the
other hand, the importance of the A state as an intermediate for photodissociation of C2Hj
is clearly established, and the A state can provide a stepping stone to examine the dynamics

and spectroscopy of C2H» and CoH in highly excited states.
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CONCLUSIONS

We have observed t..c unimolecular production of (emitting) singlet and triplet
excited states of Ca, as well as C;Hz A-X LIF, from the resonant excitation of the CoH»
near-UV A— X transition. The power dependence of the C; emission signal is found to
be quadratic, in the power regime, where the one-photon C2H> transition appears to be
saturated. While zero-pressure lifetimes are consistent with previous measurements, the
quenching rate constants measured as a function of v' in CoHa A are significantly larger
than those previously measured for smaller values of v'. In addition, an apparent threshold
for the production of C; has been observed. The fluorescence yield ratio of CoHj to Ca is
found to be strongly dependent on both laser intensity and vibrational level in the A state.

These results arc cons~:stent with a model for the unimolecular photolysis of C2H»
involving a resonant single-photon excitation to the A state, followed by photon absorption
by the highly excited C2H) or the dissociation product C2HL. The timescale of the
photodissociation is < 10 ns, excluding bimolecular processes from consideration as
mechanisms for C3 production. Our data, and the uncertainty in dissociation threshold for
HCC-H,17 does not allow us to unambiguously choose one mechanism as more likely in

the resonantly enhanced photolysis.

Preliminary flame studies in this laboratory indicate that the laser-induced C2 Swan
emissions are useful as a diagnostic for acetylene. If the mechanism for C; production
involves only transitions in the CoH> manifold, then application of this diagnostic in flame

studies should be straightforward. If a mechanism involving CzH is operative, however, a
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significant interference might be present in flame systems where CoH itself is a combustion

intermediate.
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Table 1. Slopes and intercepts from plots of the fluorescence decay constants versus C2Hz

pressure.
Excite Slope, k Intercept Emitting  Detected

(10-10cm3 s°1) (ns) Species Wavelength

(nm)

VEK} 5.19 £ 0.43 205+37  CH(A) 2915

3.53+£0.29 493+14 C2(0) 381.5

1.06 £ 0.04 132+ 12 Ca(d) 466.5

20 VIK} 6.50 £ 0.72 162123  CH(A) 2915

4.25 1 0.26 552+1.5 C2(C) 381.5

1.03 £ 0.19 127+ 6.4 C2(d) 466.5
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Figure 1.

Figure 2.

FIGURE CAPTIONS

Fluorescence emission spectrum resulting from excitation of the acetylene
VM R-head near 215.9 nm. The acetylene pressure is ~ 1 Torr and the
monochromator bandpass is 4.0 nm. The spectrum has not been corrected
for detection wa;rclcngth response, which should peak near 500 nm and
decrease toward the ultraviolet and infrared. Detection gating was set to
observe prompt emission following the laser pulse. The upper spectrum is
dominated by C; C—A and d—a emissions. A 15x magnification of the
upper spectrum is given below. It shows C2H2 A— X unassigned

vibronic transitions.

C; emission spectra (left panels: C—A Av=-1; right panels: d—a Av=-1)
following photolysis through CoH2 A. We excite the R-heads of the
212K}, (top) and VEK{ (bottom) band. All spectra are acquired under
identical conditions and are plotted on the same vertical scale. Note that
while the d—a emission profiles are nearly identical for both pump
wavelengths, the C~A emissions following excitation are more intense,
and suggest greater vibrational excitation after pumping 23V2K} than from
V3KJ. This suggests that the mechanism for production of C is very
sensitive to the nature of the C;Hz A state intermediate vibrational levels.
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Figure 3. Fluorescence emission spectra resulting from excitation of acetylene \3 =3,
v3 =2, and v; = 1 R-heads near 220.6, 225.6, and 231.0 nm, respectively.
The laser energy is approximately 50 pJ/pulse. Note the near absence of C;
Swan emission near 520 nm in u; = ] spectrum. Maximum C; yield is
obtained at high laser energy and high v3. The finger-like structure to the
red of 550 nm is CoHy A— X emission in second order, while the off-
scale peak is scattered laser light.

Figure 4. Intensities of C; (Swan) emission and CoHj LIF as a function of laser
encrgy at 2159 nm ( véx},). The C; emission scales approximately
quadratically with laser energy, while the CoHj LIF is apparently a
saturated single-photon process at the laser energies necessary to induce

%
strong C; emission. At lower laser energies, CoH> LIF scales linearly.
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